
Defense

Defense
Basic 

Research

Industrial

Research

B
asic

B
asic

B
asic

Industrial

Research

BasicBasic
B

as
ic

Industrial

Research

B
asic

B
asic

B
asic

Industrial

Research

BasicBasic

Defense

R
es

ea
rc

h
WorkshopResearch

ResearchIndustrialIndustrialIndustrialIndustrial

Industrial

Industrial

Basic 

Research

efense

Research

Defense

W
or

ks
ho

p

on

 D
ef

en
se

,

LA-12995-C
Conference

Los Alamos National Laboratory is operated by the University of California for the United States Department of Energy under contract W-7405-ENG-36.

Los
N A T I O N A L L A B O R A T O R Y

Alamos

Los
N A T I O N A L L A B O R A T O R Y

Alamos

Defense, Basic, and Industrial

Research at the

Los Alamos

Neutron Science Center

Proceedings of the Workshop held at
J. Robert Oppenheimer Study Center
Los Alamos National Laboratory
February 12-15, 1995



This work was supported by the U.S. Department of Energy,
Office of Defense Programs and Office of Energy Research.

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither The Regents of the University of California, the United States Government
nor any agency thereof, nor any of their employees, makes any warranty, express or implied,
or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial product, process,
or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute
or imply its endorsement, recommendation, or favoring by  The Regents of the University
of California, the United States Government, or any agency thereof. The views and opinions
of authors expressed herein do not necessarily state or reflect those of The Regents of the
University of California, the United States Government, or any agency thereof.

An Affirmative Action/Equal Opportunity Employer

Edited by Amy Longshore, Group CIC-1
Compiled by Kathy Salgado, LANSCE/ER, and Amy Longshore, Group CIC-1
Cover design by Gail Flower, Group CIC-1



Defense, Basic, and Industrial Research at LANSCE v

Abstract ....................................................................................................................................... 1

Introduction.................................................................................................................................. 3

PLENARY SESSION\..................................................................................................................5

Science Policy in Changing Times............................................................................................. 7
M. R. C. Greenwood, Associate Director, Office of Science and Technology Policy

Plans for Future Neutron Facilities within the DOE Office of Energy Research ...................... 12
I. Thomas, Acting Associate Director, Basic Energy Sciences, Office of Energy Research, DOE

Los Alamos National Laboratory Strategic Directions ............................................................. 17
S. Hecker, Director, Los Alamos National Laboratory

Science-Based Stockpile Stewardship at Los Alamos National Laboratory ........................... 26
J. Immele, Director, Nuclear Weapons Technology Programs, Los Alamos National Laboratory

Science-Based Stockpile Stewardship at LANSCE.................................................................. 28
J. Browne, Director, LANSCE and Energy Research Programs, Los Alamos National Laboratory

Why Does Livermore Need LANSCE?....................................................................................... 34
R. Fortner, Associate Director, Physics and Space Technology, Lawrence Livermore National
Laboratory

Lab Interdependencies and the Advanced Design and Production Technologies
(ADaPT) Initiative ....................................................................................................................... 37

D. Hayes, Director, Defense Programs Capabilities, Sandia National Laboratories

TECHNICAL SESSIONS..........................................................................................................41

Neutrons for Technology and Science...................................................................................... 43
G. Aeppli, AT&T Bell Laboratories

Nuclear Reaction Modeling, Verification Experiments, and Applications ............................... 56
F. S. Dietrich, Lawrence Livermore National Laboratory

BREAKOUT SESSIONS..........................................................................................................59

Materials Science and Engineering.......................................................................................... 61
Summary by T. M. Holden, AECL Chalk River Laboratories

Soft Condensed Matter: Polymers, Complex Fluids, and Biomaterials ................................... 65
Summary by D. Schaefer, Sandia National Laboratories

Fundamental Neutron Physics at LANSCE ............................................................................... 69
Summary by G. Greene, National Institute of Standards and Technology

Applied Nuclear Physics in Support of SBSS........................................................................... 75
Summary by D. Strottman, Los Alamos National Laboratory



Defense, Basic, and Industrial Research at LANSCEv
i

Condensed Matter Physics and Chemistry .............................................................................. 80
Summary by W. J. Nellis, Lawrence Livermore National Laboratory

The Use of Neutron Scattering in Nuclear Weapons Research................................................ 87
Summary by R. J. Juzaitis, Director, Applied Theoretical Physics Division,  Los Alamos National
Laboratory

APPENDICES.............................................................................................................................95

Appendix A:  Program ............................................................................................................... 97

Appendix B:  Participants........................................................................................................ 101

Appendix C:  Abstracts from the Materials Science and Engineering Breakout
Session.................................................................................................................................... 106

Computer Simulation of Radiation Effects in Materials ................................................................ 107
Characterization of Explosive Compacts .................................................................................... 108
Neutron Resonance Radiography Applied to Explosives Problems .................................................. 111
Characterization of Stockpile Materials at LANSCE..................................................................... 114

Appendix D:  Abstracts from the Applied Nuclear Physics Breakout Session...................... 115
Experimental Measurements Supporting the Advanced Fission Model.............................................. 116
Advanced Post-Scission Fission Model ...................................................................................... 117
Reaction Theory Calculations to 200 MeV for Applications* ......................................................... 118

Appendix E:  Abstracts from the Condensed Matter Physics and Chemistry
Breakout Session.................................................................................................................... 120

Fine-Scale Texture in Complex Electronic Materials .................................................................... 121
Direct Observation of Short-Range Order in Complex Materials ..................................................... 122
Resolving Local Structures on Different Time-Scales Using Neutron Powder Diffraction..................... 123
DuPont’s Use of Neutron Facilities........................................................................................... 124
Advanced Materials Research Using a Pulsed-Spallation Neutron Source .......................................... 127
Goals for Science-Based Stockpile Stewardship at LANSCE .......................................................... 129
Pulsed Neutron Measurements of Excitations in a Quasi-1-D Antiferromagnet................................... 130
Glasses and Crystals in Shocked Tuff, Quartz, and Metals ............................................................. 131
Plutonium Vibrational Spectra at High Pressures and Temperatures................................................. 132
The Role of Hydrogen in Earth Processes................................................................................... 133
Complementarity of Pulsed Neutrons and High-Energy X-Rays...................................................... 135
Neutron Scattering Investigation of Magnetism in Artificial Metallic Superlattices ............................ 136
SANS Studies of Magnetic Correlations in Disordered Magnetic Systems ........................................ 137
Structure and Dynamics of Liquids and Amorphous Materials......................................................... 138
Studying Materials Under Extreme Conditions Using Neutrons ...................................................... 139
Neutron Scattering at High Pressure.......................................................................................... 140



Defense, Basic, and Industrial Research at LANSCE 1

DEFENSE, BASIC, AND INDUSTRIAL RESEARCH
AT THE LOS ALAMOS NEUTRON SCIENCE CENTER

Compiled by
A. Longshore and K. Salgado

Abstract

The Workshop on Defense, Basic, and Industrial Research at the Los Alamos
Neutron Science Center gathered scientists from Department of Energy
national laboratories, other federal institutions, universities, and industry to
discuss the use of neutrons in science-based stockpile stewardship. The
workshop began with presentations by government officials, senior
representatives from the three weapons laboratories, and scientific opinion
leaders. Workshop participants then met in breakout sessions on the
following topics: materials science and engineering; polymers, complex fluids,
and biomaterials; fundamental neutron physics; applied nuclear physics;
condensed matter physics and chemistry; and nuclear weapons research. They
concluded that neutrons can play an essential role in science-based stockpile
stewardship and that there is overlap and synergy between defense and other
uses of neutrons in basic, applied, and industrial research from which defense
and civilian research can benefit. This proceedings is a collection of talks and
papers from the plenary, technical, and breakout session presentations.
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Introduction

With the end of the cold war and a
moratorium on underground testing of
nuclear weapons, a new paradigm will be
needed to assure the safety, security, and
reliability of the remaining U.S. nuclear
stockpile. Increasingly, this assurance will
depend on a detailed scientific
understanding of all aspects of weapons
physics coupled with an appropriate
predictive capability.

To provide future surety, the Department
of Energy (DOE), Office of Defense
Programs has initiated programs in
science-based stockpile stewardship (SBSS),
with the goal of developing a strong
scientific underpinning for solving
problems that arise in the nuclear weapons
stockpile. SBSS will also help attract and
retain the technical expertise needed at
the country’s nuclear weapons
laboratories. Some aspects of the problems
that weapons scientists will study are of
wide scientific interest. An attractive
feature of many SBSS programs is their
potential to benefit both Defense
Programs and U.S. industry. These
programs are also expected to attract the
interest of basic research communities in
areas as diverse as materials science and
astrophysics.

Los Alamos National Laboratory proposes
to make accelerator-based spallation
neutron sources a central element of its
contribution to science-based stockpile
stewardship. Existing neutron sources at
the Laboratory are being improved to
enable a variety of experiments including
neutron scattering investigations of
materials, high-energy neutron
radiography, and the measurement of
nuclear cross sections. Simultaneously, the
Laboratory is undertaking a high-priority
program to develop the technologies
required for the accelerator production of
tritium. Studies are under way of high-
power spallation sources for research,
including a 1-megawatt long-pulse source
that could be built cost effectively using
the Laboratory’s existing high-power

proton linear accelerator. The Laboratory
has developed strategies that would enable
the transmutation of long-lived nuclear
waste and the generation of clean nuclear
power using accelerator-based neutron
sources.

This volume contains the proceedings of
the workshop held at Los Alamos between
February 13th and 15th, 1995, at which a
more complete vision for the use of
neutrons in SBSS was developed by over
200 scientists from the DOE’s national
laboratories, other federal institutions,
universities, and industry. After the first
day of plenary presentations by
government officials, senior
representatives of the three weapons
laboratories, and scientific opinion leaders,
the workshop broke into groups to explore
the overlap and mutual synergy between
defense and other uses of neutrons in the
areas of basic, applied, and industrial
research. At a separate classified session
before the workshop, participants from
the defense programs laboratories
identified known or potential stockpile
problems that could be addressed using
neutrons. An unclassified summary is
included in these proceedings.

Several clear conclusions emerged from
this workshop. Perhaps the most
important confirmed the essential role
that neutrons can play in stockpile
stewardship. The synergy and overlap
between the interests and needs of the
defense, basic, and industrial research
communities were also striking. A future in
which these communities can work
together for mutual benefit is clearly
supported by the interest and interactions
that this workshop generated among
scientists with widely different
backgrounds.

Roger Pynn
John Browne
Los Alamos National Laboratory
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Science Policy in Changing Times

M. R. C. Greenwood, Associate Director,
Office of Science and Technology Policy

Introduction

Like many scientists who were born right after
World War II and who have learned a lot
about physics, physical sciences, and biology
from some of the incredible discoveries that
were made in the defense laboratories, I have
always been fascinated with Los Alamos. One
of the marvelous opportunities that my job in
Washington presented was to get to know a
good deal more about the physical science
world and the Department of Energy (DOE)
laboratories, particularly Los Alamos since the
Manhattan Project.

History, however controversial it may be in
today’s world, will certainly show the critical
role that Los Alamos National Laboratory
played in foreshortening World War II. This
role may be difficult to understand in today’s
contemporary society where so many of our
citizens are scientifically illiterate and do not
have a real appreciation for what it is that
physical sciences, nuclear sciences, and the
atomic age brought to this world. I think that
time and testimony will show the great break-
throughs that allowed us to look at the world
differently at the turn of the century than we
did after World War II.

Science Policy Changes Drastically

What I would like to talk about is how dra-
matically science policy is changing. It is pres-
sured for many reasons. One of which is, with
the end of the cold war or perhaps with the
change of the cold war (with this audience I
am not sure I would venture to say the cold
war is over), that our nuclear and our national
security challenges have changed. We have
several factors that put tremendous pressure
on science policy making and on the science
budget right now. Certainly one pressure is
that the political climate has changed in the
national security arena. Many of our citizens
and legislators perceive that the national secu-
rity environment has changed so much that

some of the justification for scientific research
and particularly nuclear research has eroded.
Many believe we have a lesser need for some
of the facilities and operations than we have
had in the past. In addition, a populous
movement is going on in the country right
now that is putting on pressure to decrease the
size of government and to put money back in
the pockets of taxpayers. Science and tech-
nology, which have historically been great
drivers for the economic and intellectual fu-
ture of the country, are not necessarily seen
that way by those who are in a position to de-
termine the long-term budgets for science and
technology today.

In addition, an increasing skepticism exists
among many of our citizens about the value of
science and technology. In journals such as the
Chronicles of Higher Education, more and
more articles raise the issue of skepticism—
does science do as much for us as it claims or
does it do more harm than good? Some of
these articles are well written, well reasoned,
and convincing, and I think increasingly we
are facing political changing times as well. So,
between the changing national needs and the
pressure to engage in the “anything you can
cut, I can cut better” game, I think we are
facing some extraordinary challenges.

A Brief History of Science Policy

Let me talk about what many of us would re-
member as the seminal science policy docu-
ment of the last century that defined the sci-
ence policies that have generated the world-
class research and development operation that
we have in the United States today. Vannevar
Bush’s, Science the Endless Frontier, which he
wrote as the science advisor to President Tru-
man at the conclusion of World War II, has
served as a guide for United States science
policy for the past 50 years. It provided much
of the justification for the U.S. to establish the
most powerful scientific enterprise in the
world. It has provided not only for our na-
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tional security, but also in many ways for our
general well-being.

Nonetheless, as I mentioned earlier, in the in-
tervening 50 years, enormous changes have
taken place both internationally and within
our own society. One could argue, for exam-
ple, that the overall research and development
(R&D) budget has been largely influenced by
two major drivers; one is the need for national
security, and the other is the need for health
and well-being. Today there are at least five,
which include not only national security and
health, but also environmental security, eco-
nomic security, and personal security (a free-
dom from violence, a better understanding of
the social structures of our society, and some
ability to contain what many people individu-
ally perceive as chaos and danger in their per-
sonal lives).

Because of this demand for science to step up
to the plate, not only in national security and
health, but in some of these other areas, Dr.
Gibbons asked me to emphasize the role of
science in the Office of Science and Technol-
ogy Policy (OSTP). A perception existed that
OSTP was very interested in technology pol-
icy but that we were not carrying the ball as
much as we should in science policy. So we
convened a national forum called, “Science in
the National Interest.” Some of you and many
of your colleagues were at that forum.

National Science Forum Convened

We brought together about 300 scientists from
around the country and from broadly distrib-
uted fields—physical science, chemistry, biol-
ogy, life sciences, social sciences. We also
brought together folks who were in policy
making and bench scientists. We worked very
hard to bring in some young scientists and a
more diverse mixture of scientists than has
perhaps been the typical case in past meetings.
As a result of the exercise and with extensive
input, not just at the forum but from many
people who helped us develop it, President
Clinton and Vice President Gore released in
August a new policy document called, Science
in the National Interest. It builds on the previ-
ous decades of successful stewardship of sci-
ence. It has deep bipartisan roots. For exam-

ple, the previous administration’s President’s
Council of Science and Technology (PCAST)
report is very much a basic part, as is the Na-
tional Academy’s COSEPUP report, and
strong elements are in the Carnegie Founda-
tion’s recent reports.

Science in the National Interest is primarily
different because it speaks of science, science
policy, and science and technology’s relevance
to society in a much more people-oriented
way. It talks about the necessity of the Ameri-
can public to understand what the scientific
R&D enterprise is about, it talks about the re-
sponsibility that scientists have to communi-
cate both the excitement and opportunities
that their fields bring, as well as to be honest
when there are risks that need to be evaluated.
It talks about pulling the science community
together rather than fracturing it into discipli-
nary bases. The document identifies science
with the national interest by elaborating its
relationship with the strategic goals that were
articulated the first months of the Clinton
administration.

Strategic Agenda Moves Forward

If you look at the way the science and eco-
nomic policies of this administration rolled
out, albeit stressed by the changing political
environment, a set of specific strategic goals
were pursued in this administration. One of
them was that long-term economic growth
creates jobs and protects the environment.
Any objective evaluation of the first 2 years
of the Clinton administration’s impact on the
economy and the jobs would show that we
have done a fine job with our policies in trying
to move this agenda forward.

A second part of this strategic agenda was a
government that is more productive and more
responsive to the needs of its citizens. This
effort is led by the vice president and involves
many of you. The bottom line is that the fed-
eral government has the smallest number of
full-time employees (FTEs) now, at the end of
2 years of the Clinton administration, than it
has had since the Kennedy administration.
There are a hundred thousand fewer FTEs and
many would argue that much of what has been
done has effectively increased efficiency and is
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moving forward. There is more to do. This
group knows much about the proposed saving
from economies and efficiencies at DOE. This
downsizing movement, which has now affected
government, is not fundamentally different
from movements that have been prevalent in
industry over the past decade.

Finally, an additional goal that was in the first
set of the administration’s strategic goals was
“world leadership in basic science, mathemat-
ics, and engineering.” This goal is where OSTP
development of the document, Science in the
National Interest, began. Science in the Na-
tional Interest also put forward the particular
goals associated with maintaining world leader-
ship in basic science, mathematics, and engi-
neering. These goals are broad, but they can
lead to very specific forward movements:

· Maintaining leadership across the frontiers
of scientific knowledge

· Enhancing connections between funda-
mental research and national goals

· Stimulating partnerships that promote in-
vestments in fundamental science and en-
gineering and effective use of physical,
human, and financial resources

· Producing the finest scientists and engi-
neers for the twenty-first century

· Promoting a national effort to raise the
scientific and technological literacy of all
Americans

If we do not find a mechanism to improve the
national interest in science, there will not be
any science in the national interest for the
future. Although the last goal is, in many
ways, the most difficult challenge for the na-
tion, it may be the one that is most important
for ensuring that we invest in science and
technology for the future of the nation.

This document was well received by a range of
the public and by the scientific community
that had previously regarded the Clinton ad-
ministration as giving new scientific discovery
a lesser role than the application of scientific
knowledge to industrial productivity. I do not
think that was ever the intention.

Science and Technology Budget
Difficult to Sustain

Using Science in the National Interest, we
worked with the National Science and Tech-
nology Council’s (NSTC’s) committees in-
cluding the Committee on Fundamental Sci-
ence to address budget priorities. It was an im-
perfect process—one that we hope to improve
next year but nonetheless a useful one. We
looked across all the agencies—National Sci-
ence Foundation (NSF), National Institutes of
Health (NIH), DOE, Department of Defense
(DoD), Department of Agriculture, and so
forth, to see what they were doing in what we
defined as fundamental science, and we per-
formed a broad spectrum disciplinary analysis.
The analysis clearly pointed out that the
deepest difficulties we were having in the 1996
projected budgets were in sustaining the physi-
cal science efforts in the mission-oriented
agencies. It was clear that DOE, NASA, and
DoD’s science efforts were under stress. Al-
though NIH and NSF were not getting the dou-
ble digit increases that they had gotten in
other times, at least they were moving in a
forward direction.

We are having difficulty with the science and
technology budget. The bottom line is that the
discretionary budget of the government is un-
der terrific pressure because of the upward spi-
ral of the mandatory outlays plus the interest
on debt portions, which are demanding a sub-
stantial portion of the federal budget. The at-
tractiveness of deficit reduction plus a middle-
class tax break, which both parties are inter-
ested in accomplishing over the next decade,
really constrains the resources that we have.
As a consequence, the overall opportunities
for improving a science and technology effort
are largely confined to trying to make better
use of the funding that we already have as op-
posed to expecting any substantial influx of
funding into the R&D budget.

In the administration’s 1996 proposed budget,
total R&D remains constant, but basic re-
search has gotten a substantial increase, 3.5%,
while development was decreased (Figure 1).
This illustrates that the principles we were es-
pousing of trying to improve the science in-
vestment, trying to move some funding out of
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the development area and into specific science
and precompetitive technology efforts as well
have been accomplished within the envelope
that we were using.

Science Investments Show a Return

An important factor that has contributed to
our ability to sustain this investment has been
the firm belief among the president’s eco-
nomic advisors that there is a very high rate
of social return on federal investments, par-
ticularly in fundamental and in precompetitive
applications-oriented research with a range of
20% to 400% return. Most economists agree
that this is a higher rate of return on invest-
ment than other types of investments that are
made in the private sector. This fact has
helped support the argument that the nation
needs to continue to invest in science and
technology even if in a tax-cutting mode. Sci-
entists need to encourage the economic schol-
ars in our midst to continue to evaluate the
national investment in R&D and get the story
out that investment in this area is a good use
of government money.

The administration has also believed that sup-
porting basic research at universities or in uni-
versity-lab or university-industry collabora-
tions is a good use of funding because it not
only generates new ideas and potentially pat-
entable ideas and products, but it is also train-
ing the next generation of scientists and en-
suring that we have a new set of ideas that
come into the field over the next 20 years.

The DOE overall budget increased by only
1.7%, and the R&D budget shows about a 7.4%
increase. Part of this increase directly reflects
why we are here today. We are particularly
pleased to move forward an administration and
DOE initiative of 100 million dollars for in-
creased use of DOE’s state-of-the-art user fa-
cilities such as the Los Alamos Neutron Sci-
ence Center (LANSCE).

Support Comes from All Over

I want to call to your attention this particular
facilities initiative for two reasons. One reason
is that this initiative is a very good thing and
is going to need your support in ensuring that
it survives the legislative season. The second
reason is that this initiative illustrates the
kinds of initiatives which build on existing,
underutilized facilities and on existing physical
and human resources that might be most suc-
cessful over the next few years. It is an exam-
ple of good government. Rather than going
ahead and moving with something new, we are
trying to make the most of what we have and
increase the efficiency. It meets the REGO—
reinventing government—criteria.

There are also appreciable additions to the
R&D budget from DOE/Defense Programs
(DP) including the operation of the linac that
will provide the protons for LANSCE. I find
this support of the significant research facili-
ties by DP very heartening, and we are de-
lighted with the vision that Vic Reis has
brought to his position. Bringing together the
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Figure 1. Change in R&D spending from 1995 to 1996.
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DP and Energy Research scientists in very
productive ways for the future is something
that I think also meets the criteria for REGO
and moving us forward for the 21st century.

The proposed use of spallation neutrons is an
exciting technological development that may
be the best hope for providing the U.S. re-
search community with a world-class neutron
source. The administration proposes post-
poning, perhaps not doing, the Advance Neu-
tron Source because of the costs, and we are
interested in the outcome of the discussions
here about the future neutron needs of the
country.

The recent Galvin report to the secretary of
energy lends much support to the initiatives
that are being put forward both specifically in
terms of the agency’s overall mission and the
Los Alamos mission within the agency. OSTP
did find a vigorous defense of DOE’s mission
in high-energy, nuclear, and condensed-matter
science heartening and trust that you did as
well. One of the sentences that I found par-
ticularly gratifying is that the role that DOE
plays in sustaining the long-term national in-
terest and the investment in discovery knowl-
edge in fundamental research is a proper role
for DOE and one we hope will continue.

Science and Technology Budget
is Sound

The administration’s fiscal year 96 budget
could be defended and in fact was defended in a
recent editorial in the New York Times as a
responsible presidential budget; it will be diffi-
cult to hang onto that budget as it goes
through the legislative process.

Another effort that was tried, in the spirit of
reinventing government, was to make some
improvements in the cost of research for uni-
versities. In the reform of research activities,
research facilities and operations, and research
administration, a number of administrative and
facility processes were tightened that will save
money. The Clinton administration’s current
policy on that is any saved money ought to be
returned to be invested into the science and
technology enterprise. This is the solid posi-
tion taken in the face of an arbitrary cap that
would be extremely damaging to many institu-
tions and that has absolutely no theoretical
basis in supporting the cost of research.

Changing the National Opinion

In Science in the National Interest, we said we
must elevate the nation’s understanding of the
importance of science and technology for the
future of our children, our grandchildren, and
our economic and national security. Japan,
Germany, and other countries with which we
compare ourselves are improving the level of
their overall federal and private investment in
R&D to approximately 3% of their gross do-
mestic product. Admittedly, we are a larger
country, and the overall investment we make
in R&D is still substantially larger than what
our competitors invest. Nonetheless, econo-
mists argue that the economic success of a
country is tied to its investment in R&D. We
have to move the country forward in ways
that will allow us to develop the resources nec-
essary to do the important work that I know
all of you and your colleagues around the
country can do.
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Plans for Future Neutron Facilities
within the DOE Office of Energy Research

I. Thomas, Acting Associate Director,
Basic Energy Sciences, Office of Energy Research, DOE

Introduction

M.R.C. Greenwood brought out some things
about the importance of making sure that the
public, who funds our work, knows that there
is value to it. Currently, the Basic Energy Sci-
ences (BES) advisory committee has a panel
that is doing just that for BES research. I in-
sisted that this panel not be the same folks. It
is chaired by an economist and it has several
nontechnical members on it. I wanted them to
have some, you might say, people off the
street on it. I have some confidence that often
when you bring things to the people, you get
good decisions.

A case before the courts in Boston had to do
with some highly pathogenic research. As I
recall, the citizens on that jury were a mail-
man, a mechanic, and so forth, and they were
having to make decisions on some very tech-
nical issues. They came out with a set of
guidelines that were very good. Even though
they were not technical at all in the field,
when presented with the facts, they said here
is what we think you should do. The court rec-
ognized the value of this input. So sometimes
bringing in the outside community, which we
tend to be afraid of, is not a bad idea as long as
they are reasonable. There are always fringes
out there that you have to worry about.

I have also started economic studies in BES to
find out what is the impact of the research
that we do and on performance measures.
Congress said we had to do it; however, I de-
cided to find out which performance measures
make sense.

A Brief History of User Facilities

I thought I would start out with some good
news. Why our facilities are important, and
why the initiative was important? For one
thing, we have a lot of facilities within BES
because we are always pushing the envelope.

This whole complex was born out of the Man-
hattan Project, which essentially was pushing
the envelope on everything—chemistry,
physics, and so on. For example, we have elec-
tron microscopy centers. If you go back in
history, we became interested in electron mi-
croscopy because we found out that you could
examine radiation damage using electron mi-
croscopes. You could look at the damage that
was being caused in materials. Then you start
pushing the characterization techniques. I
guess the isotopes were a very important part
of trying to understand the rest of the periodic
chart. The isotopes were first being created by
this predecessor agency of ours. This whole
complex of facilities grew out of this need.

Originally these facilities were not user facili-
ties. They were built for the purposes of the
Atomic Energy Commission, particularly the
research reactors. Scientists across the country
wanted to do some research at them, so they
were opened in a collaborative mode. If you
were a scientist somewhere and wanted to do
some research at the High-Flux Research Re-
actor (HFBR), you called up the scientist that
you knew at the laboratory and started doing
research. I remember in 1974 I submitted a
proposal to the National Science Foundation
(NSF) to establish a formal user facility in
crystallography at the High-Flux Isotope Re-
actor (HFIR). We were doing crystallography,
but we were only using the instrument 30% of
the time. I thought why not use it a full 100%
of the time. NSF was not comfortable with
that idea and neither was the then equivalent
to the Department of Energy (DOE).

Out of these efforts comes the recognition
that these important facilities needed to be
opened to everybody. We finally built what I
consider the first from the ground-up user fa-
cility, which was the National Synchrotron
Light Source (NSLS). I am talking about Basic
Energy Sciences facilities not the high-energy
facilities, which are very different. From our
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standpoint, the NSLS was the first ground-up
user facility. After that, we “saw the light” and
opened other facilities and made them user
facilities that have user groups and program
advisory committees of the users. In addition,
we have smaller facilities, for example, elec-
tron microscopes, that do not really have
large operating costs but are important to
some people. We do research at them and it is
not a question of buying electricity or fuel or
whatever, so we let users into these facilities.
Some of the facilities were then unique, like
the atomic resolution microscope at the Na-
tional Center for Electron Microscopy
(NCEM) at Berkeley and the Shared Research
Equipment Program (SHaRE), a collection of
instruments at Oak Ridge.

Financial Impacts on User Facilities

Many people use these facilities. This is small
science done in a single location. The same
people that would do x-rays with a rotating
anode or any kind of x-ray machine are the
same people that would go to the NSLS or the
Advanced Light Source (ALS) to do experi-
ments. They are not the large teams that you
see in high-energy and nuclear physics. With-
out the Scientific Facilities Initiative (SFI) we
were saturated; we could not provide any more
support, time, or anything else. Users come
primarily from the material science disci-

plines—condensed-matter physics, metallurgy,
ceramics, and so on. In addition, there is a
large group of chemists and biologists, and a
smaller number of geologists. Users come from
across all the physical and natural sciences.
The SFI has had a big impact on the BES
budget. This budget is going to be very tough
to maintain and can be compared to low
hanging fruit. Any time there is an increase
the easiest thing to do is to not give it. This
way you save that money, and you have not
hurt anybody.

How does this impact the specific facilities?
Table 1 shows the operating dollars for the
facilities. Each budget buys the electricity,
fuel, and in some cases also provides user sup-
port, in the sense of people to help the users.
The other part of SFI has to do with instru-
mentation. Roughly half of the 57 million
dollars that is coming into BES through these
facilities is going for instrumentation. Another
3 million is going for the supercomputer cen-
ter. We will be going out with a notice of pro-
gram interest or some mechanism so we can
have a competitive process for selecting those
instruments. We are also going to be asking
people to amplify the funds. I did not use the
word leverage because I never know where the
fulcrum point is. We certainly want industries
and states involved in helping to amplify these
funds for their purposes.

Table 1. FY 1996 Congressional Budget, Basic Energy Sciences

Operating Expenses - Facility Operations, B/A (Dollars in Thousands)

Facilities FY 1994 FY 1995 FY 1996 Cong
Request

High-Flux Beam Reactor $21,728 $21,100 $24,863
National Synchrotron Light Source    23,377 23,491 27,818
Combustion Research Facility 4,171 4,171 4,592
Radiochemical Engineering Development Center 7,469 7,070 7,549
High-Flux Isotope Reactor 25,414 24,248 28,080
Intense Pulsed Neutron Source 6,843 6,800 11,335
Manuel Lujan Jr. Neutron Scattering Center 2,052 0 6,970
Stanford Synchrotron Radiation Laboratory 13,329 13,427 18,398
Advanced Light Source 21,825 21,200 29,915
6–7-GeV Synchrotron Radiation Light Source 52,380 64,900 82,520
Undesignated 0 *1,3041 0

Total Facility Operations $178,588 $187,711 $242,040

* Funds for major use facilities; this amount reduced at the appropriation level as a share of prior year balance
reduction.
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One reason we are here is the Los Alamos
Neutron Science Center (LANSCE). You no-
tice that LANSCE has zero dollars in fiscal
year 1995. LANSCE is a triple-use facility
that originally relied on protons from the
Clinton P. Anderson Meson Physics Facility
(LAMPF), which is funded out of nuclear
physics; the proton storage ring, which came
out of the weapons program; and our funds out
of BES for the Manuel Lujan Jr. Neutron Scat-
tering Center. We built the experiment hall
and the other parts were already there. Nuclear
physics decided they were through with
LAMPF. They are still doing some beautiful
experiments there. Nevertheless, nuclear
physics is not going to fund it anymore be-
cause it is not a priority. We cannot afford to
operate it, therefore, we put LANSCE in shut-
down mode.

Before we had the stockpile stewardship pro-
gram, Defense Programs (DP) funding for
LANSCE and the Weapons Neutron Research
program was declining. The stockpile steward-
ship program, however, made a profound
change. I was in one of the workshops you had
for stockpile stewardship. Going into that
workshop I think LANSCE and neutron scat-
tering was a very low priority for 80% of the
people. As we progressed in the discussions and
people started asking, “how are you going to
find out what is happening to your materials,”
the priority kept bubbling up. Finally it was
around second. In the past, you could go test
weapons, and we did not really know about the
alternatives. Now suddenly neutrons become
important because weapons cannot be tested.
This shift changes the whole picture for us
because now somebody else is going to fund
the operation of LAMPF, and we can continue
supporting what Energy Research (ER) is in-
terested in, which is research in condensed-
matter physics and all the other good things
we can do with neutrons.

Initiatives within Basic Energy
Sciences

Other initiatives in BES include environmental
technology partnerships, sustainable develop-
ment, and a partnership for new generation
vehicles. Environmental Technology Partner-
ships refer to fixing the science-based, tech

nological problems in the four major industries
that account for roughly 80% of the pollution
in this country. Sustainable Development re-
fers to doing it right the first time. If you are
going to make a material, make it so it can be
recycled or it can be disposed of in an envi-
ronmentally safe manner. Partnership for New
Generation Vehicles refers to not buying a new
car because once we start this program we are
going to get much better cars.

The last initiative is a Spallation Neutron
Source, which is the beginning of a conceptual
design of a spallation neutron source. That is
the good news. By the way, what you are
hearing is the gospel according to Thomas.
Clearly Martha Krebs and Jim Decker might
not totally agree with everything that I am
saying.

What does ER want from LANSCE? The same
thing that users want—continual, reliable op-
eration. Reliability is the most important
thing. We want higher currents. The original
three-party agreement that resulted in building
the facility—the experiment hall and all
that—called for 100 mA. We have not gotten
there yet. There is talk about working to-
gether—ER and DP. We have significant
commitments at the DP laboratories. Let me
point out that the neutron scattering facility
here originated with the commitment from
nuclear physics and our support for an ex-
periment hall. We support Los Alamos in neu-
tron scattering research and also in a very sig-
nificant materials program.

At Sandia National Laboratories, we have a
Combustion Research Facility, which sounds
far away from weapons work but it turns out
that more funding at the Combustion Research
Facility is from DP than from the Office of
Energy Efficiency. This makes sense because
weapons have a little bit of everything in
them. Many of the explosives are essentially a
way of burning things in a slightly more vio-
lent way than we like to see in automobiles. It
is essentially a laser facility, and we are doing
chemical physics. We have a significant mate-
rials program at Sandia also. More impor-
tantly, Sandia is responsible for the virtual
laboratory, the Center for Excellence for Syn-
thesis and Processing, that we have created.
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They coordinate the efforts of 13 laboratories
in that area. We have a very strong commit-
ment at the weapons laboratories.

We also have a research program at Lawrence
Livermore National Laboratory, and it is
working with the Berkeley combustion dy-
namics initiative and at the ALS. The funding
we provide for these laboratories is minuscule
compared with their total funding, so I always
ask the laboratory directors why they are
bothering with this funding? Why are you
wasting your time dealing with another office?
They tell me that the funding we provide is
vital to the health of the laboratories. If that
is true, I assume that it is important to stock-
pile stewardship also. We are very much in a
partnership with DP. We have a very strong
commitment, and in turn we get a lot for our
money. We do from all of our laboratories.

On the other side, I think that stockpile stew-
ardship is going to require the kind of facilities
that we have—the Advanced Photon Source
(APS), ALS, and so on. I would like to see DP
looking at these more seriously from the
standpoint of what they can contribute to sci-
ence-based stockpile stewardship. A require-
ment for all of our facilities has always been
that classified research would be allowed.

I have given you the good news. The bad news
is that the Advanced Neutron Source will not
be continued in 1996—it has been postponed,
deferred. Three billion dollars is just too much
in this climate. The neutron scattering com-
munity has a lot invested in the facility. Many
people are disappointed that the nation is not
going forward with it. It was born with com-
munity involvement from the start. I was in-
volved with it from the start also, and I am
disappointed. It causes a major change in ER’s
plan for materials research facilities.

The Vision for Basic Energy Sciences

I want to talk about vision and if we know
where we are going. Let me go back to how
these facilities got started. The community in
the late 70s began to make clear that neutron
sources could be improved significantly be-
cause of the developments at the Institut
Laue-Langevin. There were several national

research council reports. In the early 80s, we
had the Eisenberger-Knotek report on the
need for synchrotrons going beyond NSLS be-
cause of the arrival of insertion devices, undu-
lators, wigglers, and so on, which changed the
way one could use these machines. Finally,
these thoughts culminated in the 1984 long-
range plan in the Division for Material Sci-
ences, which established the vision for these
facilities.

We said we needed a ultraviolet light/soft x-
ray synchrotron, and we needed a hard x-ray
synchrotron, and we needed a new neutron
source. That was followed, or almost simulta-
neous, with the Seitz-Eastman report by the
National Research Council, which was a na-
tionwide look at the major facilities for mate-
rial sciences and related disciplines. This re-
port established priorities for the nation for a
hard x-ray machine, a steady-state neutron
source, a magnet lab, and improvements. Out
of that report came the cold source and guide
hall for the National Institute of Standards and
Technology (NIST) because the report stated
that the country should upgrade existing reac-
tors. The vision that we had within the Divi-
sion of Material Sciences culminated in the
recommendation for the 1996 internal review
budget to move forward. To achieve this vi-
sion, a decision memorandum cited ALS at
Berkeley, APS at Argonne, the neutron source
at Oak Ridge, and a nuclear physics facility at
Brookhaven.

From the standpoint of materials sciences, we
have a 667 batting average. We built two of
the three. That is not bad and beats Ty Cobb’s
batting average by almost twice as much. We
are still working on the third one because our
need for neutrons has not changed. We have
just hit a little snag in the road. Energy Re-
search has commitments to its laboratories in
exactly the same way as DP. The decision
memorandum cited these facilities because
they contribute to the vitality of the ER labo-
ratories and to the nation, not in a national
security sense, but economic security, energy
security, and so forth. The year 1996 calls for
a spallation source with Oak Ridge still as the
preferred site, which follows the vision that we
established in 1984.
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The Long-Pulse Spallation Source
at LANSCE

Defense Programs is considering the accelera-
tor production of tritium (APT). I think that
an important component of APT would be the
long-pulse spallation source (LPSS) here at
Los Alamos. This source would be important
for the research and development (R&D) of
accelerator-produced tritium and would also be
important for R&D on targets for spallation
sources, not only in this country but also in
Europe. No other place can deposit that kind
of energy. I would urge you, for whatever it is
worth, to proceed with LPSS. It also explores
a new region for producing neutrons. It is dif-
ferent from a short-pulse source, which de-

posits energy very quickly and where you want
to get very high peak intensities. The LPSS is
similar to what the Swiss are doing at much
lower energy. They still have not been able to
get their target design to work, so they have
had to back off.

I have given you the vision; it has not
changed. It is the same vision we had before—
the nation needs neutrons. We can succeed.
The laboratories can work together. The na-
tion needs strong neutron science capability.
Squabbles, if I can borrow something from DP,
among the laboratories can only lead to mutu-
ally assured destruction. I think we should try
to work together to meet the needs of the na-
tion with this important capability.
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Los Alamos National Laboratory Strategic Directions

S. Hecker, Director,
Los Alamos National Laboratory

Introduction

It is my pleasure to welcome you to Los Ala-
mos. I like the idea of bringing together all
aspects of the research community—defense,
basic science, and industrial. It is particularly
important in today’s times of constrained
budgets and in fields such as neutron research
because I am convinced that the best science
and the best applications will come from their
interplay. If we do the science well, then we
will do good applications. Keeping our eye fo-
cused on interesting applications will spawn
new areas of science. This interplay is espe-
cially critical, and it is good to have these
communities represented here today.

I would like to talk about strategic directions
at the Laboratory. In the spirit that today is
neutron day, I would like to show you how
neutrons fit into the strategic direction of the
Laboratory. As Vic Reis pointed out, a year
and half ago we were looking at diversification
as part of the strategic plan of the Laboratory.
Because of Vic’s urging during that time and
because we had the Galvin Task Force process
helping to establish the futures of the Depart-
ment of Energy (DOE) laboratories, we have
had good occasion to go back and see what has
made this laboratory successful and what les-
sons we have learned that might help us to
guide the future.

A Compelling Mission through History

We felt two things were crucial as we looked
into our 51-year history. One, you have to
have a compelling national mission. Two, you
have to have great science because the mis-
sions for a national laboratory tend to change
over time and you need the flexibility to meet
those changes. If you strictly focused on an
application and that application changes, you
drop off the end of the earth. We have been
and still are fortunate because the Laboratory
has a great science underpinning. It was
founded on the basis of great science with

J. Robert Oppenheimer and his colleagues
when they came here during the Manhattan
Project.

During the Manhattan Project, in retrospect,
the compelling national mission was simple
and that was to build the first atomic bomb.
During the cold war, it was not quite as
straightforward, but still reasonably simple and
that was to redo the nuclear weapons technol-
ogy to provide for deterrence against a rather
capable adversary. Now we ask what is the
compelling mission for laboratories such as
Los Alamos as we look into the future? The
answer is the theme of reducing the global nu-
clear danger.

To avoid just playing to a slogan, we tried to
build our new theme into an actual program. I
have broken it up into the following five
pieces:

· stockpile stewardship
· stockpile support
· nuclear materials management
· non- and counter-proliferation
· environmental stewardship

To some extent stockpile stewardship has
been made somewhat easier because we are
going to have many fewer weapons to look
after and even fewer weapon systems. How-
ever, it has been made harder because we will
no longer be able to test. In our case, the
“underground” truth is that nuclear testing has
been the cornerstone of the way that we de-
veloped nuclear weapons and took care of nu-
clear weapons.

The Department of Defense (DoD) has not
asked for new weapons. The ones we have de-
signed will have to stay in the stockpile much
longer than originally anticipated. If you need
more weapons in the future, where do you get
them? The current weapons complex is clearly
oversized to perform that mission in the fu-
ture. If we are going to keep these weapons in
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the stockpile decades longer than we designed
them for, we have a different problem than we
had before. In addition, we cannot test and
must understand these weapons better than we
have ever understood them, which is the ra-
tionale for science-based stockpile stewardship
(SBSS).

Gaining Confidence in the Weapons
Stockpile

Peter Jones, the former director of the Alder-
maston establishment in the United Kingdom,
said one has to remember that the safety of
the weapons rests in the people and not in the
product. Another way of saying this, the con-
fidence and the safety of the weapons rest in
the people and not in the product. Just deliv-
ering the product to the military does not as-
sure a safe, secure, reliable deterrent for the
country. Therefore, the confidence in nuclear
weapons equals the vitality or the confidence
in the Laboratory.

Stockpile support essentially integrates the
research and development (R&D) and the
manufacturing or disassembly capabilities of
the nuclear weapons complex, which has only
been possible in the past couple of years.
Much of our effort now is aimed at ensuring
that the disassembly is done in a safe and reli-
able fashion and that those products that go
away, such as tritium because of radioactive
decay, are replenished. We have come up with
the concept of producing tritium with accel-
erators. We have proposed to use the accelera-
tor to make neutrons in order to make tritium,
which becomes part of stockpile support.

The investment that the government has
made in Los Alamos for over 50 years and the
expertise that we have contributes to our mis-
sion. One piece in our mission is nuclear mate-
rials management. In 1941, plutonium was the
answer, and today to a large extent, it is a
problem that someone has to solve. Some 13
tons of plutonium is at Rocky Flats in a form
that you cannot keep there because Colorado
citizens do not want it, but you cannot get it
out of there either. Rocky Flats has been shut
down for 5 years and everything is sitting
there in suspended animation. Only places
such as Los Alamos and Livermore have the

capabilities to do something about the mate-
rial. To get rid of plutonium in the long term
and to mine some of the energy out of it be-
comes a significant problem. Neutrons will
play a role.

Non- and counter-proliferation has clearly
become a major issue. They are very tightly
connected because being able to count the
number of nuclear weapons is reasonably
straightforward in a place like Russia. How-
ever, accounting for where the nuclear mate-
rial is or has been for all of these years and
then how to make sure that nuclear material is
actually safeguarded and eventually disposed of
are major problems. We have some major ini-
tiatives with our former adversaries, the Los
Alamos and Livermore equivalents in Russia,
to work together on nuclear materials control
and accountability. They had no nuclear mate-
rials control and accountability system using
modern technology. They did it strictly by
armed guard. If you put your arms around the
complex, the plutonium does not get out. As
you know, the arms are coming apart. We are
demonstrating at Arzimas 16, their Los Ala-
mos, the first nuclear materials control and
accountability system. A few weeks ago,
Sandia demonstrated at a Russian civilian insti-
tute one of the physical protection systems
that they had been developing over the year.
Our laboratories are playing an important role
in the issues at the top of the national security
agenda today.

Environmental stewardship is cleaning up the
legacy of 50 years as part of reducing the
global nuclear danger because many folks in
this country think that this is the nuclear dan-
ger. However, at our laboratory we worry
about all aspects of nuclear danger. We think
that this is a legitimate compelling mission for
a place such as Los Alamos.

Working within a Tight Budget

When estimated dollar signs are put on fiscal
year 1995, the five pieces are all significant in
making a program (Figure 1). If we had a
compelling central mission with close to 700
million dollars, I would say that our laboratory
would be in good shape. However, we are now
starting to integrate this stockpile support
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into our central mission. For the rest of these
pieces, we get our funding in tea cups, rather
than in truck loads. They are not as well inte-
grated, certainly at DOE Headquarters, as they
would need to be to make this a central com-
pelling mission, but we are working on it.
However, to do the core mission right, you
need science in the core technical competen-
cies and must nurture those core technical
competencies. You have to build an environ-
ment in the Laboratory where you attract the
best scientists in the world in a broad range of
disciplines.

In the past, we have said that we are also a
multiprogram laboratory that works for DOE.
If the nation keeps us at the top of the game
in certain areas of science, then we should be
able to use that expertise to help in other ar-
eas. For instance, we are one of the principal
players in the Human Genome Project because
we were the first, along with Lawrence Liver-
more, to look at computational biology using
the enormous computational resources devel-
oped for defense purposes. We set up the
GenBank at Los Alamos and Livermore, and
that evolved into our expertise in the human
genome. We also developed laser flow cy-
tometry, which was also refined at Lawrence
Livermore. We were able to add something

special because we could apply our expertise in
physical sciences to life sciences. We have
picked civilian, industrial, and defense prob-
lems to solve on the basis of our expertise.

In our changing world, it is not just an issue of
us providing some expertise to the outside
world. We think that this outside world has to
contribute to the vitality of the science base
here. The interchange with the energy re-
search community is extremely important for
us to stay at the top of our game. The indus-
trial partnerships were questioned in the
Galvin report. However, this interchange is an
absolute necessity. Whether it is SBSS or
manufacturing of the future, we must work
with American industry to get all the smarts
we can from them, not just for them to bene-
fit from our smarts. This interchange with the
industrial world, the Pentagon, and the civilian
missions is imperative for us to stay a top-rate
Laboratory.

Tactical Plan for Los Alamos National
Laboratory

Because Vic Reis was worried about diversifica-
tion and his labs going in all directions, we
have put together a tactical plan for the Labo-

Figure 1. The five pieces to reducing the nuclear danger are all significant in making a program. Estimated
dollar signs are for fiscal year 1995.
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ratory (Figure 2). The plan in-
cludes the things we really need to
pull off in order to achieve this
vision of the future. Those tactical
planning goals are SBSS; the neu-
tron lab; the plutonium legacy;
great science; high-performance
computing, modeling, and simula-
tion; and the industrial partner-
ships.

To meet the stockpile stewardship
requirements, great science and a
computational focus are impor-
tant. I want to explain how keep-
ing weapons in the stockpile longer
taxes our ability to understand ma-
terials, why materials become more
important, and why neutron scat-
tering or neutron radiography be-
come important to nuclear weap-
ons and SBSS. The aboveground
experiments are key and that is
where the Los Alamos Neutron
Science Center (LANSCE), the Na-
tional Ignition Facility, our Dual-
Axis Radiographic Hydrodynamic
Test (DARHT) facility, and our
Argonne Tandem-Linac Accelera-
tor System (ATLAS) pulse-power
facility become important. We
also need a greater integration of
weapons scientists and engineers into the re-
search community. We have always had the
people in our theoretical, physics, and life sci-
ences divisions fully integrated into the na-
tional research community. However, a good
part of our weapons program has naturally
been more confined.

Studying Plutonium with Neutrons

Neutrons spurred the initial interest in pluto-
nium. But all those in chemistry, materials,
and other fields know that the electrons are
what really count. Eventually you will need
neutrons to figure out why the electrons, espe-
cially in plutonium, are doing such funny
things. I thought that I would tell you about
this interesting thing called plutonium.

Plutonium melts at 641˚C and does some in-
credible things along the way. If you compare

it to something most people think is really
complex like iron and then look at the density
changes, you can see the volume change is
about 13% (Figure 3). It is also quite easy to
go directly from the delta phase to the alpha
phase and vice versa, which gives you a 20%
volume change. You are dealing with a solid
that undergoes a 20% volume change when
you barely look at it. You might imagine what
happens when you squeeze it. The crystal
structures are ones that I can only now appre-
ciate. The only thing that I have seen that is
more difficult is in the biosciences when you
start looking at protein molecules. A simple
monoclinic system is difficult for most metal-
lurgists to work with.

If you look at plutonium on the periodic table
in the actinides, you find that it does some
very peculiar things. Where you might have
expected the melting points in the transition
elements to go up as you go across the table,

Figure 2. At Los Alamos, the central mission of reducing the nuclear
danger supports a set of core technical competencies that allows us to
contribute to civilian and industrial needs. In turn, the intellectual chal-
lenges of civilian and industrial problems allow us to strengthen the
core competencies for the defense missions in an era of declining re-
sources.
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you can see that in plutonium it drops down
and has this anomalous low melting point
(Figure 4); it has six crystal structures. If you
alloy it with almost anything, particularly with
things like aluminum, gallium, americium, you
can stabilize the delta phase reasonably easily.
The delta phase is cubic and that is what met-
allurgist like to work with. We know how to
make things out of it. The point is it takes a
rather little alloying to change the plutonium.

A few years ago, Jim Smith from this Labora-
tory took the liberty of rearranging the peri-
odic table. He put the 4f series above the 5f
series to get a rather interesting alignment of
the periodic table (Figure 5). We seem to have
a boundary or a region that separates the place
where you have localized electrons and get
magnetic behavior from where you get the
electrons in a bonding mode and you have
principally superconducting behavior. He said
this boundary contains most of the elements—
cerium, neptunium, plutonium, manganese,
iron, and so forth—that are an irritation in
life. They have lots of phase changes; they do
all kinds of strange things. He said we can play
many material solid-state physics games by
squeezing these elements, and things may

change from superconducting to a magnetic
behavior. Also, we can alloy them to expand
the lattices.

At this Laboratory in the 70s and 80s, scien-
tists tried to understand the influence of the 5f
electrons particularly on plutonium recogniz-
ing that almost any little thing that you do to
it will change its behavior. The crystal struc-
tures and the behavioral changes are enor-
mous; it is not just a matter of having a small
difference in thermal expansion coefficient.
Now, in addition to this problem, which we
looked at for the sake of good science, we also
looked at it from an alloy development stand-
point when we were still trying to develop bet-
ter alloys of plutonium. No one cares today if
you have better alloys of plutonium, but peo-
ple care that those alloys in the stockpile are
going to stand up to the test of time.

Plutonium decays through alpha decay. The
239 isotope takes 24,400 years to decay, and
its half-life is 24,400 years. Nevertheless, the
alpha decay eventually makes helium bubbles.
Some years ago, we had an absolute tour de
force in metallurgy at this Laboratory because
we were able to do transmission electron

Figure 3. The practical consequences of 5f electron bonding—thermal instability and low melting
point.
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Figure 4. As you go across the table, the transition temperatures and melting points
of the elements drop at plutonium.

Figure 5. The 4f series is above the 5f series on this periodic table.
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microscopy of plutonium, which oxidizes
more ferociously than any other element on
the table. We could look at helium bubbles in a
20-year old, very pure plutonium sample. We
stopped this program a few years ago because
we could not justify it on the basis of our nu-
clear weapons budget. Today we will restart it.
Those of you that are neutron experts under-
stand that the real way to look at the bubbles
and to look at voids is to use small-angle neu-
tron scattering.

Because of the decay of weapons-grade pluto-
nium, you grow in americium as a function of
time. When you kept the weapons in the
stockpile for 20 years, nobody cared, but if
you are going to keep plutonium in a pit for
40, 60, 80 years, than you start asking ques-
tions. In a similar way, you can ask questions
about what happens to the high explosive? Of
course it does not have a half-life, but it is a
lot worse than plutonium. You have to worry
about grain boundary corrosion; you need to be
concerned about a whole slue of stockpile is-
sues. In fact, we have put together for the de-
fense programs effort experiments you can do
at LANSCE in the future to support SBSS.

For the plutonium legacy, I want to review the
plutonium road map and why neutrons are im-
portant (Figure 6). To get to a world where
you have gotten rid of most of the plutonium
and want to extract the energy, you will need
neutrons from a reactor or an accelerator. We
thought of things such as plutonium burning or
waste transmutation with accelerators. We are
looking at plutonium lifetimes, and we are
concentrating on securing and stabilizing the
plutonium. Eventually we will have to store it.
That is a problem that Los Alamos is very
interested in. Neutrons play an important role
in the technology.

LANSCE Provides a Vital Service
to the Nation

If you use the accelerator and have an intense
neutron source, you can do materials research,
tritium production, plutonium disposition,
waste transmutation, or energy production if
you feed in a little natural uranium or thorium.
The great science part is that we see LANSCE
as being essential to the scientific vitality. We
know we can do the stewardship and the inte-
grated role depending on the exact require-

Figure 6. The Los Alamos Neutron Science Center can play an important role in the plutonium road map.
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ments. The question is how do we make sure
that we keep a focus at this Laboratory that
attracts the best of the scientists and gets us
intermixing with the scientific community to
keep this Laboratory as a vital service to the
nation? LANSCE has these components.

Whether we have done materials research on
superconductors, structural biology, or funda-
mental work in physics, this accelerator is
really important to research at Los Alamos. It
is the best neutrino source in the world. We
have recently reported that it appears we have
evidence for neutrino oscillations.

Let me say a word about high-performance
computing and how it fits in. One of the
things that we have always liked about a spal-
lation neutron source compared to reactors is
that we feel spallation neutron sources are just
at the beginning of their utility. We can get
more out of a spallation source if we really
apply the computational horsepower of a

place such as Los Alamos for time-of-flight
neutron scattering work. I would like to see us
contribute this capability to that community
to really beef up neutron scattering.

The industrial goal is one that we have
worked, and we have actually developed indus-
trial partnerships over the past 10 years as
part of the Strategic Defense Initiative pro-
gram, neutral particle beam, free-electron laser
program, and now looking at the accelerator
production of tritium (APT), working very
closely with industrial companies.

The neutron laboratory is probably best cap-
tured by the spallation neutron road map that
John Browne and Roger Pynn put together
(Figure 7). LANSCE has never lived up to its
expectations. It was a parasitic facility the
Clinton P. Anderson Meson Physics Facility
(LAMPF). Running a user facility for the nu-
clear physics community was the first priority.
We made the decision a few years ago that we

SPALLATION NEUTRON ROAD MAP
1995                             2000                                 2005                             2010

IPNS ( 15 KW )
Argonne

CONSTRUCTION
Next Generation 

Spallation Source ( 5 - 10 MW )
Sites: ANL, BNL,LANL, ORNL 

STUDY / DESIGN
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LANSCE - SHORT PULSE SPALLATION SOURCE (100 KW) - Los Alamos
SCIENCE-BASED STOCKPILE STEWARDSHIP

NATIONAL NEUTRON USER FACILITY

LANSCE - HIGH POWER SPALLATION TESTBED (1 MW)
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APT
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Figure 7. The spallation neutron road map shows the relationship and time scale of various projects that con-
tribute to the construction of a next-generation spallation source.
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were going to change our priorities and go with
LANSCE. We got help in fiscal years 1994
and 1995 to upgrade LANSCE so that we can
reliably run it and provide good availability.
We want the material and biological communi-
ties to say Los Alamos is a good place to come
and do research. Running LAMPF 3 months a
year did not excite the materials community.
If I am working with plutonium or something
else, I am not very satisfied if I have to come
back a year later. We need availability 8
months a year. We have made the decision
and the commitment that we are going to give
the country the best spallation source for the
next 10 years or so with this LANSCE up-
grade. We have committed to have neutron
scattering at Los Alamos.

In addition, the APT program, if accepted as
the technology of choice, will need to run
over the next 3 to 4 years to allow us to de-
velop accelerator and target capabilities that
should then help with looking at the future of
spallation neutron sources. Fortunately, there
is $25 million in the budget from the Office of
Defense Programs to support SBSS and around
$7 million from the Office of Energy Re-
search (ER). It will be a real challenge to pro-
vide the neutrons in 1996 for that kind of
money.

Neutron Sources in the Future

While there was still the possibility of having
a reactor and a spallation source, we had been
looking, along with Argonne, at next-
generation spallation neutron sources. Lee
Schroeder from Lawrence Berkeley Labora-
tory has been heading those efforts and look-
ing at spallation neutron sources for the fu-
ture—what we call the short-pulse spallation
sources. In the meantime, our people with
some people from Europe thought of running
the proton beam directly into the target and
building this long-pulse spallation source for
making neutrons available as well as having it

as a testbed for target work. This makes sense
only at Los Alamos because we already have
the 800-MeV proton accelerator here. In addi-
tion, the other interests of Los Alamos are the
accelerator-related transmutation technologies
such as waste transmutation, plutonium burn-
ing, and so forth.

We hope to provide the neutrons needed for
our programs and the defense program, but
also through partnerships provide neutrons to
the materials and biological research commu-
nities as well. In the fiscal year 1996 budget,
we did not anticipate that a laboratory would
be chosen for the spallation source that was
not a proponent of spallation sources and had
been touting the reactor for some time. It is
not clear right now what a conceptual design
of a spallation neutron facility needs to be—
do you build a 1 megawatt, do you build a 5
megawatt, and if you build a 5 megawatt,
where are you going to do the target research.
We have the idea of doing a long pulse. At this
point, we would like to see the community get
together because a major milestone has been
passed. For better or worse, the reactor at this
point is dead, and we need to concentrate on
spallation sources. We think that the most
important thing that is commensurate with
typical procedures at Basic Energy Sciences
and ER is to make sure that there is appropri-
ate peer review of the concepts for the spalla-
tion source that may eventually go to Oak
Ridge, Argonne, or Los Alamos. The institu-
tional factors will clearly need to be factored
in at some point, but we cannot do that in my
opinion at the expense of doing the peer re-
view on the technical ideas.

I tried to give you an idea of where Los Ala-
mos is going. Neutrons are a big part of our
future. We will work with the research com-
munity to provide neutrons so that you can
help stimulate us to make sure our science is
good and then to make sure we do our defense
responsibilities.
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Science-Based Stockpile Stewardship
at Los Alamos National Laboratory

J. Immele, Director, Nuclear Weapons Technology Programs,
Los Alamos National Laboratory

Introduction

I would like to start by working from Vic
Reis’s total quality management diagram in
which he began with the strategy and then
worked through the customer requirements—
what the Department of Defense (DoD) is
hoping for from the science-based stockpile
stewardship program. Maybe our customer’s
requirements will help guide some of the issues
that we should be working on. One quick an-
swer to “why have we adopted a science-based
strategy” is that nuclear weapons are a 50-year
responsibility, not just a 5-year responsibility,
and stewardship without testing is a grand
challenge. While we can do engineering main-
tenance and turn over and remake a few things
on the short time scale, without nuclear test-
ing, without new weapons development, and
without much of the manufacturing base that
we had in the past, we need to learn better just
how these weapons are actually working.

Meeting the Customer’s
Requirements

The customers—the national security appara-
tus, the White House, the joint chiefs—are
looking for confidence, as well as weapons
judgment, among other things. The national
laboratories work together on one national
program, but this one program includes the
spectrum of activities ranging from basic re-
search, applied research, and dealing with
stockpile problems. Weapons judgment is go-
ing to require familiarity with integral systems,
even including gaps and cracks and little im-
perfections that matter in nuclear weapons.
With neutron scattering, we are looking at a
tool that can provide information about some
of those systems, even at the metallurgical
scale, and tell us what is going on. This infor-
mation can be integrated back eventually to
making a judgment about the performance of
the weapon.

Working backward from the customer re-
quirement, I would like to discuss the following
six pillars of the weapons program, as we call
them, that summarize the issues that we have
to address:

· weapons performance
· weapons science
· enduring stockpile systems
· post cold war uncertainties
· surety
· factory of the future

I think that I can explain to the joint chiefs of
staff why every one of these six pillars mat-
ters. I would like to begin with a few examples
of where neutron scattering is going to make
directly relevant contributions, which I can
relate back to the customer—the joint chiefs
of staff, national security apparatus, the
White House, and so forth.

We can use neutron scattering for surveillance.
I will remind you that we now think of an en-
during stockpile as one that does not turn over
in 25 or 30 years but may go several cycles of
those 25 or 30 years. Whether we may re-
qualify or replace parts is going to depend on
our assessment of the materials—how they are
aging and how they are going to perform if
they have changed a little bit. Plutonium is as
an example.

Weapons science refers to understanding how
things happen. Hydrotesting is the most im-
portant aboveground experimental technol-
ogy. Most of the problems with reliability and
safety in the stockpile have occurred with the
primary, so understanding how that works is
critical. Let me pose a challenge to you. What
is happening metallurgically after we shock old
plutonium? We do not have plutonium that is
60 and 90 years old yet, but eventually, we are
going to have to understand old plutonium.
(We are thinking that maybe we can get Sig
back on the bench to artificially age plutonium
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past the date that it was originally introduced
to the planet.) Shocking the plutonium can
affect the compression of the material. The
challenge to all of those in the neutron scat-
tering community is to design some experi-
ments that will give us some insight into this
question.

Changes in the Nuclear Weapons
Program

Activity at Los Alamos and other laboratories
has diminished considerably in the area of de-
veloping enduring stockpile systems. In fact,
M. R. C. Greenwood mentioned that among
the spectrum of basic applied science and de-
velopment, it is development where the gov-
ernment has put the emphasis on reductions
that have happened here. Our weapons pro-
gram budget is down by 55% from what it was
in 1987 and most of that is in the develop-
ment area. Nevertheless, we are still going to
have to learn how things get put together into
a full item.

Let me mention just one post cold war uncer-
tainty, which is proliferation. Within nuclear
physics, there are threshold fissioners, things
like neptunium 237, which may have consid-
erable proliferation potential but are not cur-
rently controlled. How we do materials control
and accountability in the future is an issue.

With active interrogation, as well as passive
detectors, the experimental nuclear physicists
can make contributions to this area as well.

Surety refers to how we are going to have to
understand how explosives respond. Our plas-
tic-bonded explosives initiate under a shock
wave influence because of the shearing of crys-
tals, which forms hot spots. Under low impe-
tuses, we want to understand how the hot spots
form and what the reactions are chemically.
The short-pulse spallation source will be able
to provide us with a snapshot of what is going
on with the crystal shearing and the beginning
of the chemical reactions.

With the factory of the future, I think that we
can make a loop back to the surveillance of
nuclear weapons. We are going to requality
many things. When we do remake things, we
are going to have to make them with much
lower amounts of waste than before, and
therefore, the processing will be different. We
are going to have to understand the material
processes as the materials age, as the materials
are shocked, and as the materials are remade
into new things.

This is the quick summary of the areas, from
the point of view of the customer, that we can
apply neutron scattering to in very direct and
relevant ways.
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Science-Based Stockpile Stewardship at LANSCE

J. Browne, Director, LANSCE and Energy Research Programs,
Los Alamos National Laboratory

Introduction

Let me tell you a little about the Los Alamos
Neutron Science Center (LANSCE) and how
some of the examples you heard about from
Sig Hecker and John Immele fit together in
this view of a different world in the future
where defense, basic, and industrial research
overlap. I am going to talk about science-based
stockpile stewardship at LANSCE; the accel-
erator production of tritium (APT), which I
think has a real bearing on the neutron road
map; the world-class neutron science user fa-
cility, for which I will provide some examples
so you can see the connection with defense
science; and lastly, testing concepts for a high-
power spallation neutron target and waste
transmutation.

LANSCE and its Associated Facilities

It is important to understand LANSCE to ap-
preciate the related projects. First of all, Los
Alamos has a high-power proton linear accel-
erator (linac)—800 MeV, and a little over a
mA for essentially 1 MW of power in the
beam (Figure 1). It has been the highest power
proton linac for the last 25 years and has op-
erated with high reliability during that period.
The area at the end of the linac is where the
medium-energy nuclear physics has been done.
About 15 years ago, we recognized the impor-
tance and value of this facility for producing
spallation neutrons. We were able to take a
portion of the beam under the road over to
the Manual Lujan Jr. Neutron Scattering Cen-
ter. The Proton Storage Ring, which was built
between 1980 to 1985, compresses the pulse
out of the linac down to a pulse of about 270
nsec, which is good for producing neutrons in
the thermal and eV resonance range.

We have several different capabilities for neu-
tron production. One capability is what I have
called a very short-pulse spallation source
(VSPSS) because you can see that the time
structure is less than 1 nsec. The VSPSS at the

Weapons Neutron Research (WNR) Facility
uses a microstructure out of the Clinton P.
Anderson Meson Physics Facility (LAMPF)
beam. The neutron energies that we typically
create with spallation are in the energy range
of about 1 MeV up to around 600 MeV. The
very high frequency, 18 kHz of the VSPSS, is
fine for high-energy neutron research. At the
VSPSS, we can do high-energy neutron radiog-
raphy, which is something very new that we
have been exploring. Traditionally, nuclear
data has been collected at WNR, and it is very
important for this new world without nuclear
testing. We have done target moderator stud-
ies, which have allowed us to benchmark the
codes that we used to develop target modera-
tor systems for the Neutron Scattering Center.
We have done some very nice work in the
area of materials irradiations, which used pro-
tons as well as neutrons. There also has been a
lot of fundamental nuclear physics carried out
at WNR.

At the short-pulse spallation source (SPSS),
which is our Manuel Lujan Jr. Neutron Scat-
tering Center, pulse lengths are determined
principally by moderation, and the energies of
the neutrons likewise in the 10-meV to ap-
proximately 1-eV range, and we are running
about 20 Hz. The types of experiments that
we have done are powder/single-crystal diffrac-
tion, thermal/epithermal neutron inelastic
scattering, and fundamental physics. We would
also like to do resonance radiography, which
John Immele talked about, for questions of
high explosives, particularly looking at reso-
nance radiography in a dynamic sense. A sin-
gle pulse out of the Proton Storage Ring can
give us enough data that we can measure reso-
nance absorption and look for the Doppler
width. As a result, we get a temperature of
something occurring dynamically in a high
explosive. This is very important for hot spot
initiation questions and our models of high
explosives.
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Because the nuclear physics program will
complete its program at the end of this fiscal
year, the whole 1-mA beam is available for
other neutron research. Right now we are
looking at and studying the 1-MW long-pulse
spallation source (LPSS), which has a very,
very long time structure—1 msec—and the
energies of the neutrons that you might look
at are going to be much less, much more like
what you would do with a cold neutron source
or even ultra-cold neutron source. We have
not done anything with the capabilities associ-
ated with the LPSS, but it is clearly a place
where we could have a high-power spallation
test-bed and do various experiments, including
experiments that are very key for accelerator
production of tritium or testing concepts of
transmutation of waste.

We are upgrading the accelerator now. We
started last year. The principal goal of this 35-
million-dollar improvement program is to im-
prove the reliability so we can provide the us-
ers with 85% reliability with respect to sched-
ule. We are also making it capable of running
8 months per year. We are looking at some
different injection schemes through the Pro-
ton Storage Ring to get the beam current up to
100 mA at 20 Hz with the capability perhaps
of going up to 200 mA at 40 Hz, which will
clearly put us in the ballpark of Rutherford
Appleton Laboratory’s neutron intensity.
This program is under way and scheduled for
completion in 1997.

Science-Based Stockpile
Stewardship Research at LANSCE

One example of using LANSCE for science-
based stockpile stewardship is in the area of
fast neutron radiography (Figure 2). Fast neu-
tron radiography allows you to look inside as-
semblies to see if they have problems—cracks,
voids, and gaps—without disassembling them,
and you might be able to save a lot of time and
money with respect to the stockpile. The
high-energy neutron beam greater than about
10 MeV passes neutrons through a sandwich in
which you have several inches of depleted ura-
nium, followed by a light material like lithium
hydride, followed by another thick piece of
depleted uranium. We wanted to know if by
passing high-energy neutrons through those

layers, could you see voids and gaps? We
simulated what we thought we could see, about
a 4-mm spot and was just a proof-of-principle
experiment. What we measured allows us to
actually see small holes drilled in the lithium
hydride after the beam passes through a very,
very thick sample of uranium. We believe this
capability has potential for further develop-
ment. It could actually have significant impact
on the surveillance programs being considered
for the stockpile.

Another example that I would like to point
out concerns the issue of texture in manufac-
turing. As most material scientists know, tex-
ture, which is the crystal orientation, does
make a difference. How you manufacture
something and how the texture turns out can
affect the performance, which is very impor-
tant in a lot of weapon components and in a
lot of other materials. Figure 2 shows a shape
charge liner of tantalum. Near the base of the
cone you can see the preferred orientation in
the 1-1-1 plane whereas near the top, the tex-
ture is more uniform. With this kind of
knowledge, you can then use calculations to
predict the dynamic behavior of materials.

I have a series of examples of what we have
done in basic and industrial research (Figure 3)
including very high-pressure cell work—10-
GPa high-pressure—that is clearly going to be
important to some of the questions concern-
ing plutonium and the various phases that plu-
tonium sees, which is of interest to both Los
Alamos and Lawrence Livermore laboratories.
Other examples deal with manufacturing. We
did research with Ford Motor Company on
stress induced in a composite brake rotor,
which is very applicable to induced strain that
we will have to look at as we remanufacture
fewer and fewer nuclear weapons.

The Accelerator Production
of Tritium Program and LANSCE

I want to end with a brief discussion of the
APT system and what we are going to do at
LANSCE. The APT system is a ~1-GeV, 100-
mA device. This is a continuous-wave ma-
chine, which is very impressive. We have been
reviewed about half a dozen times over the
past year, and everyone has come back
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and concluded that we can build this system. It
is not a high scientific risk, but it is an engi-
neering challenge. It certainly will have sig-
nificant payback to the next-generation spal-
lation neutron source. Assuming APT is cho-
sen, we will be demonstrating the first 40 MeV
of this continuous-wave accelerator at full
100-mA current at Los Alamos over the next
4 years. The injection end of it is the hard
part. If we can get it to 40 MeV reliably at
100 mA, we really believe that the rest of the
system is very straightforward.

One of the questions we have concerns the
target making tritium. We will be testing with
the LANSCE proton beam how well we can
actually calculate the number of tritons we
produce with the target design we have for
tritium production. This is a very key experi-
ment. Another question we have, which I
think has great overlap with the materials sci-
ence community and the next-generation
spallation source, concerns materials damage

at these types of fluences for proton beams
and spallation neutrons. Over the last 20
years, we have had experience with a high-
power beam, and we are going to have to build
on that data to improve our knowledge of
spallation damage so we can better understand
how long these facilities will be able to oper-
ate.

The tritium system extraction facility, called
the Tritium Systems Test Assembly at Los
Alamos, allows you to separate tritium with
very high purity. This program is important
because it builds on the strengths we have and
offers another opportunity to collaborate with
other laboratories. We have worked with
Sandia and Brookhaven on this particular pro-
gram. We also see an opportunity to collabo-
rate with Lawrence Livermore National Labo-
ratory and other laboratories in a lot of the
technologies that are important to making the
APT system a reality.
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Why Does Livermore Need LANSCE?

R. Fortner, Associate Director, Physics and Space Technology,
Lawrence Livermore National Laboratory

Introduction

Five years ago, I was the associate director of
the nuclear test program, so I have a really
close view of the role of the nuclear testing in
the weapons program. My perceptions are
strongly driven by the fact that we have lost
testing and what that really means. I want to
explain to you why I think we really need a
science-based stockpile stewardship program
and what the issues are in terms of having lost
nuclear testing.

When we think about this program, we really
think that nuclear deterrents are part of a na-
tional policy and nuclear deterrents must
therefore be credible, in Vic’s words, compe-
tent. Now, nuclear weapons in the stockpile
work as designed. The issue of science-based
stockpile stewardship is not to go and improve
the designs, but we know that problems are
occurring in the stockpile and more problems
will occur. Sometimes these problems are in
individual weapons, and sometimes they are in
complete systems.

The Loss of Nuclear Testing

Nuclear testing was a very cost effective way
of doing business because we could build a sys-
tem, take it out, test it, and find out if it per-
formed. However, we do not have a detailed
understanding of nuclear weapons from these
tests. Our understanding of the physical sys-
tems and the tools we have are fundamentally
inadequate. We have a list of 10 experiments
that we did in the last 5 years of nuclear test-
ing for which we cannot explain the data to-
day. In the past we did not go out and test
whether a problem was a problem; we tested if
a fix was actually a fix. Nuclear test data by
itself is inadequate so computational tools will
be extensively used. Science-based stockpile
stewardship basically says let us develop and
certify the computational tools through rele-
vant experiments that evaluate if these prob-

lems in the stockpile are real problems and if
we can fix them.

We have lost testing, and we cannot build one
simple system that is going to replace nuclear
testing. The problems that we have are very
complex and we have to address them with
many capabilities. Understanding what nuclear
data we have is critical. We know in many
cases that we have data, which are better than
the data we currently use in our code, but the
capacity of our computers right now is inade-
quate to put the best detailed physics into our
computational tools. We need better computa-
tional capabilities.

We need better experiment facilities. We de-
signed the experiment facilities that we had in
the past in an era when we had nuclear testing.
We know that these facilities are not the kinds
of facilities we need when we do not have nu-
clear testing. We need a variety of tools,
which include pulsed-power facilities, the Na-
tional Ignition Facility (NIF), and many new
facilities to understand and certify a weapon.
Hydrodynamic facilities were also designed in
an era when we had testing. Improving the
hydrodynamic facilities is clearly something
that has to be done to meet our needs. This is
a description of an advanced hydro facility,
the Dual-Axis Radiographic Hydrodynamic
Test (DARHT) facility at Los Alamos.

Confidence in the stockpile is not going to be
accomplished by one set of activities, but by a
plethora of activities. In the past, we per-
formed nuclear testing to look at how a nu-
clear weapon would perform. Nuclear weapons
take a large amount of mass and generate an
enormous amount of energy, from hundreds of
kilotons to tons of nuclear energy, during a
nuclear test. In the future, we can test only the
beginning part of the spectrum. When nuclear
energy is produced, we get into the regime of
secondaries and will not have the ability to
measure what is happening.
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An approach to science-based stockpile stew-
ardship is to reduce the amount of energy that
we are going to produce and achieve instead
of the energy densities of the materials
(Figure 1). The goal is to take a small amount
of material and achieve the same energy den-
sity that we did in a large amount of material
during a nuclear test. In addition to achieving
the kinds of conditions that occur in nuclear
weapons, we want to be able to understand the
processes that are going on. Most of our ex-
periments in the past have been integral ex-
periments in which many physical processes
are taking place at one time. To do carefully
crafted experiments, we need to understand a
detailed piece of the physics problem so it can
certify our computational tools. We need to
understand the processes along this entire
path, not just one thing in one location. Many
different facilities are being proposed because
not one particular tool solves all the problems.

Diagnostics are critical. If we are going to do
experiments to understand the properties of
what is going on, we need to be able to diag-
nose what is going on. We get a great boost in
science because this program is focused on de-
tailed understanding. It is not just how does a
weapon in the stockpile work, but what are the

processes that take place in nuclear weapons,
and do we understand them?

Livermore Needs LANSCE

Livermore really needs the Los Alamos Neu-
tron Science Center (LANSCE). The NIF
needs LANSCE. If you look at the issues that
we are going to have at NIF, such as the dose
rates that are produced, LANSCE is the only
facility that we can identify now where we can
study the kinds of damage that can occur. We
are trying to understand the damage, which is
dose-dependent damage, that can be produced
in materials like the glass at NIF by perform-
ing experiments at LANSCE that look at the
optical properties.

The critical issue of NIF is how many shots
can we get. The activation of the target
chamber determines the number of ignition
shots that you can achieve. With the large
number of people that want to come to NIF
and do experiments, we have recognized that
the demand on NIF for doing ignition shots is
much larger than originally conceived. If we
look at the nuclear physics data that we used
to estimate the activation of the target cham-
ber, we realize that nuclear physics is very

Figure 1. Science-based stockpile stewardship focuses on improving predictive capability by doing high-
energy density experiments.
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conservative. We use very large cross sections.
We would like to know what the actual cross
section is and if we can go back and more ef-
fectively use NIF by putting better nuclear
physics into our estimates?

In the last 6 months, Livermore has looked at
the accelerator production of tritium (APT).
We started out as skeptics, and now we are
believers that the project is on a sound founda-
tion. We also believe that we can contribute to
the project. If you look at the numbers, a 1%
increase in the electrical efficiency of APT
turns out to be a million dollars a year or 40
million dollars over the life of the accelerator.
Also, if the yield of the target can be 30%
higher than is currently estimated in terms of
our nuclear physics understanding, we can save
150 million dollars over the cost of the accel-
erator. Understanding the details of the pro-
duction of tritium is a critical area.

The thought of using high-energy neutrons to
look inside materials is a very exciting pros-
pect. We know that there will be applications.
We want to understand just how far we can
push those applications. All of this is tied to
our understanding of basic sciences and nuclear
physics and spills off in all these other areas.

This nuclear data can be very important in
studying the radiation treatment of cells—the
issues of radiation oncology. We use our
Monte Carlo simulation to understand how we
can produce damage in a tumor that might ex-
ist in a lung. Within the last few years, the
medical community has talked to us about the
issue of treating prostrate cancer. In the past,
the medical community treated prostrate can-

cer from the front and the back because they
thought that the energy loss in the hip would
destroy our ability to put the energy into the
tumor. We have convinced them this is not
the case. Now they are looking at the possi-
bility of treating tumors by doing radiation
from four sides, which means that the collat-
eral damage to the tissue surrounding the tu-
mor could be much smaller and the actual dose
rates to the tumor could be much higher. The
medical community needs better cross sections
and needs to understand these cross sections to
much higher accuracy than currently exists.

Data on what happens to the actinides under
high temperatures and high pressures does not
exist. The importance of this data for under-
standing the equations of state of actinides as
they occur in weapons is critical for stockpile
stewardship. We are very excited about the
possibility of looking at actinides under high
temperatures and high pressures.

To predict the behavior of chemical explo-
sives and their aging process involves an inter-
rogation of chemical explosives and under-
standing the relationship of the phonon spec-
trum and the vibron spectrum. LANSCE has
really high potential to look at structures and
shock materials in the area of chemical explo-
sives.

We are talking about the fundamental under-
standing of properties that are problematic,
which is another talk in itself. When we get to
the fundamental understanding of problematic
materials, we find that this understanding has
tremendous spinoff into the scientific com-
munity.



Lab Interdependencies and the Advanced Design
and Production Technologies (ADaPT) Initiative

D. Hayes, Director, Defense Programs Capabilities,
Sandia National Laboratories

Introduction

I am delighted to be here today. I was left with
a very strong impression this morning about
the large degree of integration that has been
achieved in the science-based stockpile stew-
ardship program in the last year. When Vic
Reis convened this program last February,
many of you same people from Energy Re-
search, Defense Programs, and the external
community were there. We talked about areas
of investments: in credible capability and in-
dustrial interaction, the impact on the re-
search community, and so on. The product
was the published quality function deployment
chart. The activities on the chart were impor-
tant, but they did not have coherence. In lis-
tening to the presentations this morning, par-
ticularly the last four, I hear a high degree of
coherence and integration, which is very
pleasing.

Four Initiatives in the Stockpile
Stewardship Program

There are four initiatives in our stockpile
stewardship program. There is the accelerator
production of tritium (APT), National Igni-
tion Facility (NIF), scientific computing ini-
tiative (ASCI), and the Advanced Design and
Production Technologies (ADaPT) Initiative.
ADaPT is a new acronym; the old name was
factory of the future, which appeared as one
of the pillars that John Immele discussed.

ADaPT really concerns itself with developing
the technologies and the scientific underpin-
nings that can achieve actual delivery of a
product to the stockpile. Of the four initia-
tives, I like to think of it as the one that is
“closest to the wrenches.” On the other hand,
we know from past experience that we cannot
execute this product realization unless we build
our program quite robustly and integrate it
quite deeply into our tech base. Within the
program elements of ADaPT, you will find a

very deep scientific root, which really charac-
terizes our approach.

Vic showed this viewgraph (Figure 1). Ev
Beckner said that this was the most important
viewgraph that Sandia had ever made, at least
in the last year. I would agree. I want to use it
not to repeat what Vic had to say, but just to
make a couple of additional points. If you re-
call, the viewgraph represents the number of
weapons that were produced per year versus
the year they entered the nuclear weapons
stockpile. For instance, the W-88 is the war-
head that goes in the Trident submarines.
These warheads were built in a short period of
time, and we had to have a production capac-
ity that was quite large. If we look at the de-
sign lifetime of these weapons and determine
when they have to be replaced, rebuilt, or re-
certified, we find that they clump at a level
that requires a quite large capacity. On the
other hand, we are trying to build a production
complex, which is focused in the laboratories,
that has a very much smaller capacity. To
cope, we can start earlier or try to extend the
certified lifetime, which means that the lab di-
rectors are going to have to certify a stockpile
in the future without the benefit of under-
ground testing.

Another important point is that in this inter-
vening time between when these weapons were
first designed and manufactured and in the fu-
ture when something has to be done, we have a
quiescence period. We run the risk of loosing
our experience base, and we have to decide
whether or not we are going to have the expe-
rience reside in people or if we are going to
somehow capture it some other way.

All of these factors are the drivers for the
ADaPT Initiative. If you look at the defining
documents from the military, what you find is
that ADaPT is the vehicle that does what the
military prioritizes: the ability to replace, to



requalify, and to recertify the weapons in the
enduring stockpile.

ADaPT has three facets. The first facet is to
assure that we have the capability to make
products. The second facet is that we have a
confidence in the stockpile that comes from
the certification. The third facet is to ensure
that we have a robust people base capability.

The Program Elements of the ADaPT
Initiative

I will discuss some of the ADaPT Initiative
elements including advanced materials and
processing, virtual manufacturing, information
and communication, and modeling and simula-
tion. Advanced materials and processing is
represented, for instance, by a precision plu-
tonium casting facility. It may be in the future
that we have to directly cast pits to final
shape. This requires a whole new set of tech-
nologies, including materials, metallurgical
casting, and so on. If we have to remanufac-
ture pits, we will do it in a way that produces
the smallest amount of waste.

Virtual manufacturing means that we do not
want to design a facility and find out that it is
not right. We are going to need something
that is robust to change and try different capa

bilities in the computational environment and
virtual manufacturing before we actually
commit the facilities, hardware, robotics, and
so on.

Information and communication will help us
to reduce the design cycle time from concept
to first product delivery. We are trying to do
things concurrently. We are connecting peo-
ple who have various functions in design and
producing prototypes, so they have access to
the right kinds of information, particularly
very robust models that we build for modeling
and simulation, environmental concerns, and
other concerns. People will have an electronic
environment in which they can do the design
and have access to other key players and key
information that they need to do their job.

We have heard a lot about the modeling and
simulation. This computational environment
will draw very heavily on ASCI, the acceler-
ated scientific computing initiative, because
many of the models are quite complex and
require large codes and intelligent ways of pro-
gramming in the massively parallel environ-
ment. I want to highlight this program ele-
ment because there is a companion set of is-
sues that have not to do with just the design
process, but the design and validation process.
We are changing the way we actually do design

Figure 1. The weapon rebuild profile is the driver for the ADaPT initiative. (Printed from best
available copy.)



and execute production. At one extreme, we
say that we can define requirements, do a de-
sign, produce something with periodic tests of
prototypes. We find that we are going to have
to rely more and more not on testing the pro-
totypes or the products, but validating the
models that are used to design that product. If
we invest this way, we will have the confi-
dence that these models are giving us the right
answer. We will have only selected tests or
prototypes to validate our analysis tools. We
will be able to cycle information back into the
design considerations. Of course, in all of the
laboratories we have always had this balance
between testing the product and testing the
models. What I see is a shift in emphasis to-
ward testing the models and less testing the
design. In the case of the nuclear package it-
self, we cannot do any proof tests at all be-
cause underground testing is not allowed.

The following topics highlight a safety theme,
not a performance theme. We see that in the
case of extreme environments produced by an
airplane crash that we are going to produce
undesirable environments. The public is going
to demand that we certify the safety of these
systems to a higher level than we have ever
done before. I believe that we are going to rely
more on our computational tools not only to
model the total system, which is being insulted
here, but also the individual safety compo-
nents. We have to add computers to our suite
of tools that we use to certify weapons sys-
tems and subsystems. We have the high-

performance computing and validated design
tools and a suite of test facilities, radiation
facilities, select environmental facilities, and a
large category of other experiment laboratory
facilities. One is our aerodynamics facility, but
also included are the Dual-Axis Radiographic
Hydrodynamics Test (DARHT) facility for
primaries or NIF for the verification models.

Spallation Neutrons are
Advantageous to Research

I have one example that talks about the accel-
eration of ions (Figure 2). We must ensure
that as we build this capability we do not keep
duplicative capabilities because we do not want
expensive redundancy in the system. We see
that the radio-frequency systems, like the Los
Alamos Meson Physics Facility, will be very
complementary to those pulsed-power sys-
tems, which have the ability to accelerate a
very much larger number of ions with a
smaller ion energy. These ions produce dra-
matically different neutron spectrum when
you convert them. In the case of spallation
neutrons, we get energies that are almost 2
decades above what is achieved by tunable ion
kinetic energy impulse power system.

In summary, the ADaPT Initiative should as-
sure us that we have a robust product realiza-
tion capability, we have a way to express a
confidence in the stockpile, and we maintain a
skilled work force especially through this tran-
sition period. It will operate in a downsized

Figure 2. Pulsed-power and radio-frequency systems provide complementary capabilities.



production complex, of which we can already
see evidence by the plant closings. We are
going to minimize our duplication of capabili-

ties, and the lower operating cost is going to
be necessary considering our lower budget con-
siderations.
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Neutrons for Technology and Science

G. Aeppli, AT&T Bell Laboratories

Abstract

We reviewed recent work using neutrons
generated at nuclear reactors and accelerator-
based spallation sources. Provided that large
new sources become available, neutron beams
will continue to have as great an impact on
technology and science as in the past.

Introduction1

Even after a century of unprecedented im-
provement in living standards because of tech-
nology, there are still many needs that only
further applications of science can meet.
These needs are in areas ranging from medi-
cine to transportation. They include cures for
AIDS and Alzheimer’s disease, improved pro-
ductivity in health care delivery, electric vehi-
cles, supersonic airliners, loss-less electric
power transmission, reliable nuclear waste dis-
posal, nontoxic solvents, procedures for oil
spill cleanup, and affordable low-power wire-
less communications with global coverage.
While national and corporate governments
can affect economic life by redistributing
wealth, net wealth increases only via techno-
logical progress, namely progress on meeting
needs of the type just listed.

In addition to needs for specific items which
will increase the comfort and safety of human
existence, there are cultural needs which have
no clear material origins. Most fundamentally,
there is the need to discuss, if not to answer,
the questions of how the universe began and
how long it will last and whether quantum me-
chanics and Einstein’s theory of relativity are
sufficient to describe the physical universe.
The enormous success of Hawking’s book, A
Brief History of Time, attests to the size of the
nonspecialist audience taking an interest in

                                                
1 Published in © OECD, 1994, “Neutrons for Tech-

nology and Science” in Neutrons Beams and Syn-
chrotron Radiation Sources, Megascience Forum.
Reproduced by permission of the OECD.

such questions. Beyond its philosophical ap-
peal, basic science has a history of leading to
unexpected breakthroughs which are missed by
programs to develop obvious technologies.

After a brief survey of neutron properties and
sources, the present article describes how re-
search at neutron facilities has recently met
both technological and cultural needs, and ar-
gues how it will continue to do so in the future.

Neutrons and Neutron Sources2

The neutron is a spin 1/2 particle with no
electrical charge and the mass of the proton.
As produced at facilities dedicated to materials
research, neutron wavelengths are comparable
to interatomic spacings, and energies are com-
parable to those of vibrations in solids and liq-
uids. The neutron interacts almost exclusively
with magnetic fields and nuclei. Both couplings
are relatively weak and known with great accu-
racy, implying that neutrons scatter from
matter according to a law which is simpler and
more precisely specified than for any other
probe (e.g., photons and electrons).

Most neutron scattering experiments to date
have been carried out at nuclear reactors
ranging in power up to 85 MW, but more
typically with powers between 10 and 30 MW.
For comparison, commercial power reactors,
with much larger core volumes, have ratings of
order 1 GW. The moderator blankets sur-
rounding the fuel elements determine the neu-
tron energy and wavelength distribution. The
primary moderators for research reactors are
generally liquid D2O, held near room tempera-
ture, yielding a Maxwellian neutron spectrum
with a peak near 25 meV º 300 K. Secondary
moderators held at lower or higher tempera-
tures can shift the spectrum to lower and

                                                
2This discussion is largely excerpted from that by G.
Aeppli et al. in Lecture Notes for E. Fermi Summer
School, Varenna (1992), to be published by the Ital-
ian Physical Society.
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higher energies, respectively. The
most common secondary moderator
contains hypercritical hydrogen or
liquid deuterium held at 25 to 35 K
and constitutes the “cold source” at
most European reactors. For the
study of high-energy (³50-meV)
excitations or phenomena at high
momenta, the neutrons can be re-
thermalized by a block of graphite
heated to 2400 K by the g rays from
the reactor core. This is a “hot
source,” and is much less common
than cold sources. Figure 1 shows
the arrangement of core, moderator,
and beam extraction tubes at the
Institut Laue-Langevin (ILL) in
Grenoble, France, while Figure 2
shows some source spectra at the
same facility. The small core size
(roughly 50 cm in diameter) and
concomitant high-power density
makes the ILL, along with the Oak
Ridge, Brookhaven, and the pro-
posed U.S. Advanced Neutron
Source (ANS) reactors, unique as
high-flux neutron sources compared
with both commercial and other re-
search reactors.

An exciting recent development has
been the construction of accelerator-based
spallation sources where neutrons are produced
not in a steady-state nuclear reaction, but
by bombarding a target containing heavy
elements such as Ta or U with energetic
(E ~1-GeV) protons. The neutrons are subse-
quently cooled (via multiple scattering) in
small (typically 10 ¥ 10 ¥ 5 cm3) moderators
tailored for the experiments they serve in
much the same way that the insertion devices
in third generation synchrotrons are designed
for specific instruments. The advantages of
this source type include its pulsed nature,
yielding great improvements both in spec-
trometer efficiency and background rates, an
incident neutron spectrum extending to high
energies, good intrinsic resolution, and obvious
intrinsic safety (the source is shut down when
the proton beam is off). Figure 3 shows the
layout of ISIS (UK), the world’s most powerful
source of this type. Its time-averaged neutron
flux is roughly 1/30 of that at the ILL, but its

peak flux is larger, particularly at high ener-
gies; a new European spallation source (ESS)
with the same average flux as the ILL and a
peak flux 40 times larger is currently under
consideration.

Technology

Technological needs are needs for materials
and algorithms. Neutrons, with wavelength and
energy definition tunable through all scales
relevant for the physical behavior of solids
and liquids, and a well-defined and simple scat-
tering cross section, are an ideal probe of ma-
terials. Recent years have seen growth in
studies of polymers, biological materials, and
actual engineering components. For example,
small-angle scattering experiments have re-
vealed the many ordered bulk structures, cor-
related with function, which diblock copoly-
mers can achieve. At the same time, reflec-
tometry has elucidated the different surface

Figure 1. Configuration of ILL reactor in Grenoble, France. Numbers
1, 2, 3 and 7 denote core, hot source, vertical cold source, and hori-
zontal cold source, respectively. Numbers preceded by ‘H’ label neu-
tron beam tubes. From Guide to Neutron Research Facilities at the
ILL (Grenoble, 1988) by H. Blank and B. Maier.
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Figure 2. Spectra of neutrons at various neutron beam tubes of ILL reactor. Designation of beam tubes
is as in Figure 1. From Guide to Neutron Research Facilities at the ILL (Grenoble, 1988) by H. Blank
and B. Maier.
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configurations for such polymers. Figure 4
shows how neutron reflection profiles are an
excellent diagnostic for determining whether
the polymers are in an entangled “mushroom”
or an unentangled “brush” state: the state de-
termines their utility in applications such as
oil recovery and colloid stabilization. Moving
from polymers to hardware of the most tradi-
tional kind, neutrons have been used to meas-
ure strain distributions in an increasing variety
of situations, ranging from welds to rotating
jet turbines. Figure 5 illustrates the technique,
which exploits the penetrating power of neu-
trons, and therefore makes it possible to per-
form in situ validations of algorithms rou-
tinely used by engineers to calculate strains as
well as to understand component failures.

There has also been considerable progress in
more traditional materials research, namely
work to determine the structure and to under-
stand the properties of the many new com-

pounds created yearly. Among the most dra-
matic to be discovered recently are the hard
mixed iron rare-earth magnets increasingly
deployed in small motors such as those in
automobiles. Not surprisingly, neutrons, with
their sensitivity to magnetic order and dy-
namics, are currently being used to examine
these materials with a view toward gaining a
microscopic theory to further enhance their
properties. Other exciting new compounds are
those based on the carbon-fullerenes whose
crystal structures and rotational dynamics were
established very shortly after their discovery
by neutron scattering. Recent developments in
sources and instruments now permit collection
of ultra-high resolution powder diffraction
patterns such as that shown in Figure 6, taken
at ISIS for a fullerene. The intensities of the
extraordinary number of resolved peaks spec-
ify the structure of the material, which has
480 atoms per unit cell, with unprecedented
detail and precision. Unfortunately, space does

Figure 3. Layout of ISIS spallation source at the Rutherford Appleton Laboratory (RAL), UK. Protons pro-
ceed from injector at lower left to synchrotron at left and then to neutron producing U (or Ta) target in
beam hall at right. Figure provided by A. Taylor (RAL).
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not permit mention let alone discussion of all
of the useful materials being examined with
neutrons. However, to give the reader a sense
for the huge variety of studies being pursued,
Figure 7 shows a page from a random listing of
neutron scattering papers published in 1992.
We see that there is work in areas as disparate
as molecular biology and shape memory al-
loys, and that each experiment uses a unique
capability of neutrons to extract essential in-
formation not accessible by any other probe.

Arguably the most important event in the
world of materials of the last decade was the
discovery of the high-Tc superconductors. We
discuss these systems in greater detail than the
others mentioned above both because they are
more familiar to the author and also because
neutrons have provided fundamental informa-

tion on very different aspects of the com-
pounds. We introduce the subject by recalling
that superconducting materials, with their
ability to exclude magnetic fields and conduct
electricity with zero losses, have always held
great technological promise. Indeed, supercon-
ducting magnets are now routinely used in ap-
plications ranging from particle acceleration
to magnetic resonance imaging (MRI) at hos-
pitals. Superconducting quantum interference
devices (SQUIDs) are at the heart of ultrafast
oscilloscopes and sensitive magnetometers
employed in fields as diverse as oil prospecting
and brain science. While the manufacture of
products based on superconductors constitutes
a sizable industry, it would be far larger if ma-
terials superconducting above the boiling point
of cheaply generated liquid nitrogen were

Figure 4. Neutron reflectometry from adsorbed diblock copolymers. The experiments, which measure the scattering
near grazing incidence, provide density profiles (middle frames) perpendicular to the surfaces on which the copoly-
mers reside. The wave number Q is measured in Å-1; 1 Å-1 = 108 cm-1. Figure provided by R. Pynn, Los Alamos Neu-
tron Science Center (LANSCE, U.S.).
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Figure 5. Neutron strain measurements. Incoming neutrons pass
through incident aperture and are scattered at right angles. A
three-dimensional strain map is constructed by scanning the vol-
ume defined by the intersection of ingoing and outgoing beams.
Because of the penetrating power of neutrons, virtually any engi-
neering component can be examined in this way. Figure provided
by R. Pynn (LANSCE, U.S.).

Figure 6. Ultrahigh-resolution powder diffraction pattern collected for C60 (fullerene) using pulsed
spallation source ISIS in UK. Because of the large number of resolved peaks, the atomic positions
and thermal parameters can be determined with unprecedented precision. Top frame shows data
(circles) and fit to data (line) while bottom frame shows the goodness of fit, as measured by the dif-
ference between the data and the fit. Figure provided by W. David (RAL).
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available. A series of breakthroughs, beginning
with a discovery at the IBM Zürich Labora-
tory in 1986 and 1987 yielded precisely such
materials, namely layered oxides of copper.

The key questions about new materials are al-
ways the same:

1. Where are the atoms?

2. What are the electrons doing?

3. What happens under practical circum-
stances, i.e., when there are magnetic
fields, electrical currents, and disorder?

Questions 1 through 3 were immediately asked
about the cuprates, and have been, to a very

significant degree, answered by neutron scat-
tering experiments whose success often de-
pended on modern instrumentation which was
just becoming available as the new supercon-
ductors were being synthesized. In particular,
neutrons with their equal sensitivity to light
and heavy atoms, provided the definitive crys-
tal structures for all of the high-Tc materials,
almost always within weeks of the discovery
of new compounds. The crystal structures are
invariably correlated with superconducting
properties, sometimes in surprisingly simple
ways. For example, mercury-based cuprates
have the highest superconducting transition
temperatures on record. Pressure has a very
pronounced effect on the transition

Figure 7. A page from a computer-generated listing of neutron scattering papers
published in 1992. Nd2Fe14B, in title of first paper in this list, belongs to the fam-
ily of hard magnets mentioned in text.
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temperature Tc of one such compound,
HgBa2Ca2Cu2 O7, raising it from 132 K
(-141˚C) for P = 1 atm to 155 K (-118˚C) for
P = 200 kbar. Taking advantage of the pene-
trating power of neutrons, a group at ISIS was
able to measure the atomic coordinates for a
sample mounted in a high-pressure cell.
Figure 8 shows the outcome of the experi-
ment, namely that pressure affects primarily
the oxygen at the apex of the pyramids (e.g.,
shaded object in right-hand part of figure) sur-
rounding the copper atoms responsible for su-
perconductivity and indeed moves it by the
extraordinary distance of 0.25 Å on imposi-
tion of 80 kbar.

Beyond providing the positions of the atoms
constituting the high-Tc superconductors, neu-
trons have also provided images of the outer
valence electrons which are paired as spin sin-
glets to produce the superconducting wave
function. They do so because they couple via
the magnetic dipole interaction to the spin
and orbital momentum of unfilled shells. Be-

cause singlets cannot scatter, conventional
pairing will eliminate the scattering below the
pairing energy. Thus, magnetic neutron scat-
tering is an excellent technique for mapping
the gap function of superconductors. It is also
unique because its weakly perturbing nature
guarantees that it is a bulk probe with a simple
cross section and because the neutron wave-
length and frequency is well matched to the
distances and energies relevant for high-Tc

superconductivity. Figure 9 shows electronic
scattering as a function of the two-dimen-
sional wave numbers associated with the
nearly square CuO2 planes, which are the fun-
damental building blocks of all high-Tc materi-
als. In this case, the host for the CuO2 planes
is La2-xSrxCuO4, which is among the simplest
of the high-Tc materials. Four peaks dominate
the normal state data (Figures 9a and 9b), and
the peak positions provide precise values for
certain dimensions of the Fermi sea wherein
the charge carriers responsible for metallic
conduction and, ultimately, superconductivity
reside. These dimensions are strongly compo-

Figure 8. Pressure dependence of distance between apical oxygen and nearest copper atom, which is short-
ened by 0.25 Å as the superconducting transition temperature rises from 132 K ~(-143˚C). This material is
the mercury-based high-Tc superconductor whose crystal structure is illustrated at right. The apical oxygen is
at tip of inverted pyramid and directly opposite the copper atom (small filled sphere) at the center of pyramid
base. The experiment was performed at ISIS. Figure provided by W. David (RAL).
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sition-dependent, as can be deduced from
comparison of Figures 9a and 9b, which show
the change in peak positions between nonsu-
perconducting x = 0.075 and superconducting
x = 0.14 samples. Finally, comparison of Fig-
ures 9b and 9c shows that superconductivity,
brought about by cooling from 35 to 5 K,
largely eliminates the scattering peaks, and
hence the Fermi surface of La1.86Sr0.14CuO4.
While other techniques yield individual pa-
rameters whose temperature dependence is
consistent with singlet formation in supercon-
ductors, the data here represent the first mi-
croscopic image of spin pairing in any super-
conductor. Even though this is a very recent
application of neutron scattering, such images
have already been used to determine the de-
tailed momentum dependence of the pair wave
function Y La1.86Sr0.14CuO4. The resulting
knowledge of Y allows many of the unusual

bulk properties of high-Tc superconductors to
be explained and may eventually lead to their
improvement for technical applications.

For the high-Tc materials to be useful, it is ex-
tremely important that they be able to carry
substantial currents, especially in magnetic
fields. Figure 10 shows early data which indi-
cated that the copper oxides may not meet
this requirement. The electrical resistivity of a
particular cuprate with the quite high critical
temperature of 90 K is compared with that of
elemental copper, and for the relatively mod-
est magnetic field of one kilogauss, the resis-
tivity—and hence power dissipation—of the
latter is lower for temperatures above 45 K.
To engineer a truly useful high-Tc supercon-
ductor, it is obviously important to understand
the mechanism for the large dissipation so far
below the superconducting transition tempera-

 
Figure 9. Maps of electronic correlations in La2-x SrxCuO4 for supercon-
ducting (x = 0.14) and nonsuperconducting samples (x = 0.075). The
hatched diamond in frame (d) shows the region of probed wave numbers
relative to the Bragg peak locations. For x = 0.14 (frames b and c), the
signal essentially disappears on cooling through the superconducting tran-
sition temperature because the carriers pair to form spin singlets which
cannot scatter neutrons. Data were collected at RisØ DR3 reactor (DK).
Figure provided by S. M. Hayden (Bristol, UK).
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ture. For conventional (low-Tc) super-
conductors, magnetic fields penetrate in
an inhomogeneous manner, as defined
by flux lines arranged on a regular and
usually hexagonal lattice. The flux lines
are usually immobile, being pinned by
impurities. Because the flux lines dissi-
pate power only when they move, the
resistivity of most conventional super-
conductors in fields is indistinguishable
from zero. Neutron diffraction, with its
sensitivity to magnetic field inho-
mogeneities, provided the first micro-
scopic evidence for flux line lattices in
conventional superconductors. It should
therefore come as no surprise that it
has played a major role, especially at
higher fields where no other techniques
can image flux lines, in accounting for
the large dissipation in the high-Tc ma-
terials. In particular, as do ordinary
crystal lattices, the flux line lattice dif-
fracts neutrons, and when the crystal or
flux lattice melts, the diffraction peaks
disappear. The frame on the left of
Figure 11 demonstrates that the diffrac-
tion intensity vanishes, and hence that
the flux lattice melts, at temperatures
well below Tc, while the frame on the
right shows the phase diagram for in-
teracting vortices in the bismuth-based
copper oxide superconductor in ques-
tion. The vortex density is propor-
tional to the applied magnetic field B.
The neutron experiments are impor-
tant because they provide microscopic
evidence that, in analogy with what
occurs for conventional materials whose fun-
damental constituents are molecules, flow will
be both possible and dissipative when the vor-
tices are in their molten state (right hand side
of phase boundary in Figure 11).

Culture—Basic Science

All human societies have had cosmologies,
that is theories about the beginning and poten-
tial end of the universe and about the meaning
of things, such as stars, which we see but can-
not visit. Modern cosmology is a very active
area of scientific research, especially because it
is very often related to fundamental questions
in particle physics. Neutron research has been

able to play a role in this exciting field via
measurements to place an upper bound on the
neutron electric dipole moment and precision
determinations of the neutron lifetime. The
two experiments have implications for CP
violation and baryon number density, which in
turn are important in answers to the key ques-
tions of why the known universe consists of
matter and not antimatter, and whether there
is invisible, nonbaryonic (“dark”) matter. Fig-
ure 12 illustrates how the limits on the neu-
tron electric dipole moment have been reduced
by six orders of magnitude over the last three
decades, and how this reduction has restricted
possible theories of elementary particles. A
further reduction, which is relatively small on
the scale of the reduction already achieved,

Figure 10. Temperature-dependent resistivity of high-Tc supercon-
ductor (solid lines) and elemental copper (dashed lines) in external
magnetic fields denominated in kilogauss. Figure provided by D. J.
Bishop (AT&T Bell Laboratories, U.S.).
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will eliminate many currently popular models,
namely supersymmetric (SS) theories, grand
unified theories (GUT) which incorporate the
observed baryon asymmetry, and left-right
(LR) symmetric models.

Apart from cosmology, a topic of perennial
interest (at least in this century) concerns the
validity of quantum mechanics. On this sub-
ject, there have been precise tests of the va-
lidity of Schrödinger’s equation for neutrons,
as well as interferometric investigations of
their wave-like nature. A particularly inter-
esting recent experiment demonstrated the
Aharonov-Casher effect, where the phase ap-
pearing in the neutron wave function is af-
fected by a potential which imparts no classi-
cal force on the neutron. Thus, quantum me-
chanics, even for a simple uncharged particle
such as the neutron, has consequences more
profound than those suggested by wave-
particle duality.

Also in the realm of basic science are the
quantum fluids, 3He and 4He, as well as quan-

tum magnetism. The role of the neutron in
investigations of these topics is well-
established and far from exhausted. Probably
the most exciting recent result is the verifica-
tion of the Haldane conjecture, namely that a
one-dimensional chain of antiferromagneti-
cally coupled integer spins displays the struc-
ture function of a quantum liquid: the magnetic
correlations are only of short range and there
is a sharp gap to magnetic excitations above
the singlet ground state. This is a very sur-
prising result given that half-integer spin
chains are nearly ordered in the sense of pos-
sessing infinite magnetic coherence lengths.
Without neutron scattering, the Haldane con-
jecture, one of few nontrivial predictions of
modern solid-state theory, would not have
been verified.

The Future

There is no shortage of problems in technol-
ogy and science which neutrons can help to
solve in the future. As indicated in the intro-
duction, there are many unfilled technological

Figure 11. Left: Temperature-dependent neutron diffraction intensity which monitors the melting of the
flux (magnetic vortex) lattice in a bismuth-based copper oxide high-Tc superconductor. Data are for 30
mT = 300 gauss (squares) and 60 mT = 600 gauss (circles). Right: Flux lattice-flux liquid phase dia-
gram. Experiments were performed at RisØ DR3 (DK) reactor. Figures provided by H. A. Mook (Oak
Ridge, U.S.) and T. Forgan (Birmingham, UK).
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needs which invariably entail needs
for new materials or better under-
standing of known substances. The
variety of materials explored with
neutrons will continue to expand,
especially to include more systems
of biological interest and engineer-
ing components close to their end-
use condition.

In addition to applying existing
techniques to a larger variety of ma-
terials, new instruments such as
RITA at the RisØ (Denmark) DR3
reactor and MAPS at the ISIS pulsed
spallation source will increase the
efficiency of certain experiments by
as much as two orders of magnitude,
allowing the investigation of corre-
spondingly weaker signals and
smaller samples. Also, while the last
decade has been the decade of the
cold source in that it has witnessed
an explosion in the use of long
wavelength neutrons produced at
such sources, the next decade will
see not only further developments
in this area but also an increased ex-
ploitation of the epithermal neu-
trons naturally produced at spalla-
tion sources and available from hot
sources installed at reactors. Such
neutrons will access excitations with
energies in the midinfrared range so
central to chemistry and solid-state
science. The big advantage of the
neutron technique, here, as always, is its well-
defined cross section and ability to probe be-
havior both in the long-wavelength limit and
on the scale of interatomic separations. Figure
13 shows a recent application of epithermal
neutron scattering to determining the mag-
netic excitations in pure La2CuO4, the parent
of the high transition temperature supercon-
ductors. The data, which can only be obtained
by inelastic neutron scattering, reveal quite
conventional spin waves, but with an unusually
high zone boundary energy, 0.32 eV.

Much useful and interesting work remains to
be done using existing sources, although their
age and condition makes it improbable that
many will continue to operate into the next
century. The prospects now exist, using cur-

rent technology, to build new sources which
will be between one and two order of magni-
tudes brighter than any current source. Such an
increase in brightness will have substantial
immediate impact in both technology and sci-
ence. It will provide many new opportunities,
among which follow:
 
1. Higher resolution spectroscopy and dif-

fractometry revealing new effects and
making possible the investigation of sys-
tems with the complexity of commercial
products.

2. Parametric investigations, e.g., of tem-
perature, pressure, and composition de-
pendence, in areas such as ceramic and
semiconductor processing.

Figure 12. Upper limit on neutron electric dipole moment
(EDM) |dn| versus time. Cross-hatched boxes denote the range
of values for dn predicted by the following theories: EM—
electromagnetic, MW—milliweak, SW—superweak, WM—
Weinberg multiple Higgs, LR—left-right symmetric, GUT—
grand unified models incorporating observed baryon asymme-
try, SS—supersymmetric, SM—standard, and 2H—standard
model with two Higgs doublets. Figure provided by J. M.
Pendlebury and G. Greene (National Institute of Standards &
Technology, U.S.).
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3. The possibility to examine small or dilute
samples, ranging from crack tips to in-
vivo systems of biochemical and medical
interest.

4. The full exploitation of polarized neu-
trons.

Finally, past experience suggests that entirely
new phenomena and uses for neutrons will
emerge. Increased source strength will stimu-
late developments in instrumentation and
techniques which will further expand the fron-
tiers of neutron scattering, guaranteeing that
this subject will have a future as productive as
its past.
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Nuclear Reaction Modeling, Verification Experiments, and
Applications

F. S. Dietrich, Lawrence Livermore National Laboratory

Abstract

This presentation summarized the recent ac-
complishments and future promise of the neu-
tron nuclear physics program at the Manuel
Lujan Jr. Neutron Scattering Center (MLNSC)
and the Weapons Neutron Research (WNR)
facility. The unique capabilities of the spalla-
tion sources enable a broad range of experi-
ments in weapons-related physics, basic sci-
ence, nuclear technology, industrial applica-
tions, and medical physics.

Uniqueness of LANSCE

The Los Alamos Neutron Science Center
(LANSCE) provides neutrons for the world’s
only facility with an active nuclear physics
and technology program in the range from
thermal energies to 800 MeV. In addition to
the capabilities at high energy, the Proton
Storage Ring (PSR) furnishes very intense
fluxes of neutrons up to 100 keV that can be
used for measuring cross sections on small and
radioactive targets, as well as advanced appli-
cations such as dynamic radiography using
neutron resonances.

For the past several years, the neutron nuclear
physics program has carried out a wide-ranging
program in weapons physics, basic nuclear
physics, and nuclear technology. The program
has had strong participation from academic
laboratories and has also been enriched by
“technology transfer” from the Clinton P.
Anderson Meson Physics Facility (LAMPF)
basic science program. An example of the lat-
ter is the use of detectors for fast neutron ra-
diography that were originally developed for
pion physics. The importance of this facility
for the new LANSCE program and the breadth
of potential applications are illustrated by the
following examples.

Reaction Modeling and Verification
Experiments for Weapons Design

In the absence of testing, improved data on
nuclear cross sections are needed to ensure the
reliability of weapons design activities. Many
cross sections used in design have not been
measured or are poorly modeled. Improving
the database requires either measurements that
address this issue directly or nuclear model cal-
culations that have been verified experimen-
tally. LANSCE is ideally suited for precise
measurement of a large number of the required
nuclear properties. Both Livermore and Los
Alamos have initiated sensitivity studies to
determine the critical needs for new measure-
ments. Fission physics and reactions that pro-
duce or destroy tritium have been identified as
areas that may have significant payoff. This
program has potentially enormous impact on
the ability to simulate weapons performance
accurately.

Advanced Radiography

Several new radiographic techniques are cur-
rently being developed or are under study as
future possibilities. In transmission radiogra-
phy using high-energy neutrons, it is possible
to measure small defects in light elements on
the millimeter scale in assemblies. These de-
fects are invisible in conventional photon ra-
diography. In the successful proof-of-principle
experiment at WNR, voids of a few millime-
ters were seen in a disc of lithium hydride
sandwiched between two uranium slabs. Further
experiments are planned to optimize the de-
tector and to investigate the feasibility of
computerized tomography.

First, experiments are planned this summer to
demonstrate dynamic neutron resonance radi-
ography, which uses the short, high-intensity
pulses of epithermal neutrons uniquely avail-
able from the PSR. In this technique, neutrons
are passed through an exploding material



 Defense, Basic, and Industrial Research at LANSCE 57

seeded with elements having narrow reso-
nances in the 1 to 100-eV range. The observed
shift and broadening of these resonances yields
information on the velocities and tempera-
tures in the exploding material. If successful,
this technique will allow characterization of
the temperatures in high-explosive detona-
tions that is available in no other way. A fu-
ture additional possibility is dynamic proton
energy-loss radiography, in which observation
of the energy loss of high-energy protons
passing through an imploding system enables
the time-dependent measurement of the den-
sity profile, which is density times radius.

Accelerator Production of Tritium and
Other Transmutation Technologies

For the past several years, LANSCE has been
the principal experiment facility for develop-
ing the accelerator production of tritium
(APT) and other transmutation technologies.
Experiments have been performed to address
the physics of the spallation process and the
development and benchmarking of codes such
as LAHET. These experiments have included
measuring needed cross sections such as spalla-
tion yields and burn-up cross sections, taking
measurements to test predictions of activation
product yields, and testing the overall neu-
tronic performance of the codes. The facility
is also important in developing and engineer-
ing practical target designs. Examples relevant
to APT are the experiments to demonstrate
tritium recovery that are currently under way,
the planned tests of a full-scale target, and the
development of beam monitoring and neu-
tron-production diagnostics.

Radiation Oncology with Neutrons
and Protons

Neutrons up to 70 MeV and protons up to 250
MeV are increasingly used in radiation ther-
apy. At Livermore, a Monte Carlo program
(PEREGRINE) is being developed to optimize
dose calculations for these as well as the more
commonly used photon and electron treat-
ments. By using information from patient CT
scans and a realistic description of the material
composition of the human body, this tech-
nique has potentially great superiority over
the current method of treatment planning

based on dose measurements in a water phan-
tom. However, PEREGRINE relies on nuclear
modeling calculations for neutron and proton
cross sections at the higher energies, and these
have significant uncertainties.

LANSCE is ideally suited for measuring critical
nuclear data to verify the calculations. In fact,
measurements at WNR on 12C have already
proven invaluable in modeling neutron reac-
tions up to 70 MeV. A joint Livermore-Los
Alamos proposal is being prepared for a com-
prehensive set of measurements on elements
present in tissue and beam-line components
using neutrons up to 250 MeV. These meas-
urements will be directly relevant to neutron
therapy and will (at the higher energies) test
the techniques used to predict proton data.
These data will also be important in testing
the spallation-physics codes used for the ac-
celerator transmutation applications.

Neutron-Induced Upset of Aircraft
Electronics

Neutrons are the major cause of upsets and
latchups in integrated circuits at aircraft alti-
tudes. The spectrum of the WNR neutron
source is excellently matched to that of the
atmospheric neutron flux, but is more intense
by a factor of 105. The Boeing Corporation
has made measurements at WNR on the com-
ponents to be used in their new 777 aircraft
and concluded that they have an acceptably
low latchup rate. These measurements have
led to an increasing usage of the facility to
study the behavior of electronics components
in neutron fluxes. These activities now in-
volve six corporations.

Flux Pinning in High-Temperature
Superconductors

The persistent current in high-temperature
superconductors can be significantly increased
by radiation damage. The damage sites pin
down vortices that are needed for large-
volume coherence. Fission fragments are par-
ticularly effective because of their random ori-
entation. In a collaboration with the IBM
Corporation, high-energy protons were used to
fission the bismuth in samples of Bi2212 su-
perconductor. The persistent current was in-
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creased by several orders of magnitude for a
dosage of 1014 fission fragments per cubic cen-
timeter. This program is continuing with the
study of other superconductors containing
elements that are fissionable by high-energy
protons.

The Little Boy Dosimetry Problem

Understanding the effects of neutron radiation
exposure relies heavily on studies of the Hi-
roshima-Nagasaki bombings. There are impor-
tant and long-standing discrepancies between
yield calculations and dose measurements at
the Hiroshima site. This problem could possi-
bly be due to miscalculation of the neutron
transport through the steel case of the Hi-
roshima device. At WNR, measurements have
been made of transmission and scattering of
neutrons using actual parts from a spare Little
Boy assembly. The data are being analyzed and
will be compared with calculations using the
WNR spectrum as input.

Precision Measurement of Neutron
Total Cross Sections

An Ohio University-Los Alamos collaboration
has measured neutron total cross sections with
1% accuracy from a few MeV to 800 MeV on
a wide variety of targets from beryllium to
bismuth. These data, which could have been
obtained nowhere else in the world, provide a
severe challenge to theorists attempting to
understand neutron-nucleus reactions on the
basis of the fundamental interaction between
two nucleons. This basic science project has an
important applied spinoff by providing a data-
base for badly needed improvement of the
physics models for neutron interactions in
transport codes (such as LAHET) that are used
in the design of APT and other applications of
spallation physics.
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Materials Science and Engineering

Summary by T. M. Holden, AECL Chalk River Laboratories

Introduction

The science-based stockpile stewardship pro-
gram emphasizes a better understanding of
how complex components function through
advanced computer calculations. Many of the
problem areas are in the behavior of materials
making up the equipment. The Los Alamos
Neutron Science Center (LANSCE) can con-
tribute to solving these problems by providing
diagnostic tools to examine parts noninva-
sively and by providing the experimental tools
to understand material behavior in terms of
both the atomic structure and the microstruc-
ture. Advanced computer codes need experi-
mental information on material behavior in
response to stress, temperature, and pressure
as input, and they need benchmarking experi-
ments to test the model predictions for the
finished part.

This report on the materials science and engi-
neering breakout session summarizes the
overlap between the problem areas and the
expertise and tools available for their solution
with neutron science at LANSCE. Several
unique capabilities exist at LANSCE that we
found nowhere else within the Department of
Energy (DOE) laboratories. We spelled out the
science and technology advances possible for
materials research with a long-pulse spallation
source (LPSS), and finally we considered some
areas in which improvements could be made to
meet customer requirements. Abstracts of
some of the talks presented at the materials
science session are found in Appendix C.

Overlap between Defense Programs
and Scientific Capabilities

Five areas of overlap between defense pro-
grams and scientific capabilities were identified
during the breakout session, which included
energetic materials research, radiographic re-
quirements, manufacturing and process mod-
eling, polymeric materials, and radiation dam-
age effects.

Energetic Materials Research

P. Howe described the modifications to the
microstructure necessary to generate unex-
pected localized areas of high strain in explo-
sive compacts. In the neighborhood of cavities
or voids, high transient stresses are generated
under dynamic loading just as the stress inten-
sity factor for the static case describes stress
enhancement. These stresses cause plastic de-
formation that generates heat locally, which
can lead to unexpected detonation. Small-angle
neutron scattering (SANS) is the technique of
choice for characterizing the void distribution
in high explosives in order to lead to a better
understanding of explosive sensitivity. A pro-
gram of work is already envisaged. Another
area of interest is the noninvasive interrogation
of the “aging” explosives by neutron diffrac-
tion to measure chemical phases present in
these materials and to check for chemical de-
composition and degradation of samples. D. E.
Mitchell raised the issue that neutron diffrac-
tion could just as easily measure degradation and
corrosion of the containment vessel.

A related problem in lightning arrester connec-
tions on which the presence of voids in the
granular varistor material can lead to unwanted
high electric fields was dealt with by A. Hurd.
Fluctuations in density from random packing
can be addressed by SANS as well as neutron
diffraction (by means of intensity fluctuations in
the diffracted peaks if the scale of the packing
problem is appropriate, that is in the of order
mms). Neutron diffraction can be used to assay
cold work in the powders due to compression as
well as characterizing the strains in the com-
pacts. Work is already being done in this field.
Extension of the SANS measurements to lower
wave vectors, perhaps by using a Bonse-Hart
spectrometer, would be valuable.

D. E. Mitchell explored why neutron radiogra-
phy is a useful tool for examining packing
anomalies in powder compacts. Cold neutron
radiography permits greater penetration
through containment vessels if the wavelength
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is longer than the Bragg edge. High-energy
(MeV) radiography, which is unique to the Los
Alamos facilities, also permits penetration of
the containing vessel. Because the shapes of
the vessels are complex, tomography, that is
the digital reconstruction of three-dimensional
images from measurements made in transmis-
sion over an angular interval of 360°, will be
important. This tomography would be a ge-
neric tool of interest to many industries.

Another exciting area in which LANSCE can
provide absolutely unique data for the basic
understanding of explosive propagation is the
measurement of temperature by the Doppler
broadening of neutron resonances with data
from a single pulse of neutrons. The concept,
as described by W. Trela and P. Howe, is to
generate a temperature excursion by com-
pressing the explosive at a time triggered by the
LANSCE pulse and to measure the temperature
at a known time after the compression by the
Doppler broadening of a gold resonance from
gold impurities in the materials. This experi-
ment can be done noninvasively through the
walls of a containing vessel. There is an added
requirement to measure the strain in the mate-
rial. The elastic strain component might be
observed through shifts of the Bragg edges de-
termined in transmission in a single pulse. Plas-
tic strain does not have an obvious footprint
amenable to determination in a single pulse.

Manufacture and Process Modeling

K. W. Mahin described the economics to be
derived from accurate computer simulation of
manufacturing and assembly of components, as
embodied in the Smart Process technologies.
Benchmarking the predictions of these simula-
tions with experiments is clearly important.
One property that has to be predicted accu-
rately is residual stress. For example, machining
a part that is subject to a stress field will cause
unexpected dimensional changes as the stresses
re-equilibrate. M. Bourke described the capabili-
ties at LANSCE for measuring residual stresses
at depth in engineering components noninva-
sively. The method has broad application not
only in benchmarking for forging, welding, and
casting, but also in providing basic data on ma-
terials in response to thermomechanical proc-
essing. L. Newkirk suggested several applica-

tions of the strain techniques to welding
problems and to novel fabrication schemes for
U alloy components. Interest exists in extend-
ing the techniques to measure sampling volumes
of order 1 mm3.

The alignment of the polycrystalline grains in a
component strongly affects the mechanical
properties. Bulk measurements of crystallo-
graphic texture are readily carried out by neu-
tron diffractions as described by R. Wenk. It will
be very important for LANSCE to routinely
provide measurements from texture and orienta-
tion distribution function analysis.

C. Majkrzak described the application of neu-
tron reflectometry to basic studies of corrosion
for the case of H ingress through Ti and its
oxides. This method gives very detailed infor-
mation with a spatial resolution of 5 Å and will
find many applications in the area of degrada-
tion aging.

Radiography Requirement

Neutron radiography provides one effective tool
for interrogating parts noninvasively to ensure
their integrity. Two unique technologies are
available at Los Alamos: high-energy (MeV)
neutron radiography with very high penetration
and resonance radiography with neutrons in the
eV regime. The advantage of resonance radiog-
raphy is that specific isotopes may be identified
by imaging with neutrons of a particular energy.

T. Rieker raised the possibility of inspection for
gases within containment vessels by means of
HERA, the gamma-ray multiplicity spectrome-
ter, via (n,g) absorption in the gas. The possi-
bility of gettering gases such as H and D&T
within containment vessels and then interro-
gating the getter noninvasively by neutron
scattering was suggested.

Polymeric Materials

R. Hjelm described how SANS provides a tool
for probing polymeric materials via the differ-
ence in scattering of H and D. Reflectometry
also provides a unique tool for examining the
surfaces of polymeric materials and layered
films. Studies of neutron scattering under shear
stress give important information on the
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strength of polymer composites. The network
structure of carbon black, which vastly im-
proves the wear properties of tires, was studied
by R. Hjelm and M. Gerspacher. The project
showed how a basic understanding of structure
in a complex industrial material can lead to a
more economic tire design.

Radiation Damage and Deterioration

Using the high flux of high-energy neutrons in
the Clinton P. Anderson Meson Physics Fa-
cility (LAMPF) beam dump and the additional
possibility of using the 800-MeV proton beam
allow Los Alamos to accumulate test data on
damage rapidly. These facilities were described
by W. Sommer. Computer simulation studies
of radiation damage were presented by R. De-
vanathan. The combination of theoretical and
experimental expertise makes this a unique
approach. The important aspect is to provide
hot-lab equipment to examine and character-
ize samples after irradiation. Effort should also
be devoted to preparing shielding flasks for
measuring radioactive samples with spec-
trometers at LANSCE.

Unique Capabilities of LANSCE within
the DOE Laboratories

The following unique capabilities were identi-
fied in a session after the breakout session:

• High-energy radiography for noninvasive
examination of components. The facilities
are unique because of the high flux of neu-
trons as well as their spectral distribution.

• Los Alamos expertise on plutonium metal.

• The practical possibility of temperature
measurement by the Doppler broadening
of neutron resonance absorption for reso-
nances in the eV region. The usefulness is
enhanced by the capability of obtaining
this information from a single neutron
pulse.

• The existence of high-energy and high-
flux sources of neutrons and protons for
radiation damage studies.

• The highest resolution time-of-flight dif-
fractometer in North America.

The Long-Pulse Spallation Source

The possibilities for new science with a long-
pulse spallation source (LPSS) were identified
in the breakout session.

The fluxes from an LPSS approach those from
a medium-flux reactor of order 1014 n cm-2

sec-1, but with a pulse length of 1 ms and a
repetition rate of 60 Hz. The emphasis would
be on generating a high flux of low-energy
neutrons from cold moderators.

Estimates indicate that a SANS spectrometer
would have 25 times more flux than the pres-
ent SANS at LANSCE. This ability would per-
mit studies of the kinetics of reactions, for
example, in structural batteries. Likewise, re-
flectometry would benefit from a 25-fold in-
tensity increase that would be needed to ex-
tend the wave vector range of measurements.
This increase would yield higher spatial resolu-
tion. In addition, it would be easier to distin-
guish between models of the structure that are
presently indistinguishable because of the lim-
ited wave vector range of the measurements.

High-resolution Laue diffraction from single
crystals of biological molecules would open a
new field for molecular structure studies at Los
Alamos.

The high flux of slow neutrons could be used
effectively for cold neutron radiography, for
example, visualizing the oil flow within an op-
erating engine.

Goals for Improvement

The following improvement goals were identi-
fied to meet customer requirements:

· Make texture measurement and analysis a
routine service tool.

· Reduce the sampling volume in residual
stress measurements to around 1 mm3.

· Reduce the wave vector range to Q ~10-4

on the SANS spectrometer to make it
much more useful for studying large imper-
fections. It was suggested that the Bonse-
Hart spectrometer at Oak Ridge National
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Laboratory, which is currently unused,
might be set up at LANSCE.

· Improve detectors by increasing the num-
ber of detectors, borrowing new detector
concepts from the high-energy physics
community, and working on ways to de-
crease the dead time. Detector develop-
ment gave more bang for the buck than,
for example, source development.

· Give strong support to the benefits and
developments of single-pulse science.

· Buy services within DOE for specialized
applications that cannot be met at LAN-
SCE. We recognized that it was not possi-

ble nor cost effective to duplicate equip-
ment at all the DOE laboratories.

Conclusion

Many areas overlap between the technical re-
quirements for careful stockpile stewardship
and the facilities available at LANSCE in the
field of materials science and engineering.
Many diagnostic tools for nondestructive in-
terrogation of complex parts exist or could
easily be put in place. Material characteriza-
tion of structures at the atomic and micro-
scopic scales, particularly by neutron diffrac-
tion, SANS, and reflectometry, will lead to a
better understanding of the materials problems
encountered in this program.
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Soft Condensed Matter: Polymers, Complex Fluids, and
Biomaterials

Summary by D. Schaefer, Sandia National Laboratories

Introduction

Historians often characterize epochs through
their dominant materials, clay, bronze, iron,
and steel. From this perspective, the modern
era is certainly the age of plastics. The pro-
gression from hard to soft materials suggests
that the emerging era will be the age of “soft
condensed matter.”

The demand for easily manufactured materials
with unusual combinations of properties drives
a discipline encompassing polymer, complex
fluids, and biomaterials, collectively referred
to as soft condensed matter. Soft condensed
matter often mimics biosystems—complex,
multiphase, self-assemblies in which various
property requirements are delegated to specific
substructures.

The block copolymer was the first synthetic
material based on this new concept. These hy-
brids are designed at the molecular level to
self-assemble during processing into meso-
structures. By combing hard and soft phases at
the molecular level, seemingly antipodal prop-
erties such as flexibility and hardness are si-
multaneously optimized. Research on block
copolymers is now progressing to the point
that even rheological properties are controlled
by synthesis. Thus, process as well as product
fall to molecular engineering.

Materials derived from soft condensed matter
are not necessarily soft or wimpy. Indeed, car-
bon-based materials hold the record for most
specific properties. Body armor, for example,
is made from hydrocarbon polymers.

The mythos and methods of this emerging
science are not limited to solids. The design of
modern lubricants, for example, exploits all
the tools of soft condensed-matter science.
New solid lubricants rely on the interfacial ac-
tivity of tailored molecules to simultaneously
achieve adherence and lubricity. Additives that

display temperature-dependent aggregation are
used to control viscosity.

Neutron scattering, particularly n-angle neu-
tron scattering (SANS) and reflectivity, is the
key tool used to elucidate the relationship be-
tween structure and properties in complex sys-
tems typical in soft matter. Hierarchical struc-
tures are hopelessly overlapped in real and
reciprocal space. Deuterium tagging, however,
allows highlighting of specific components
leading to resolution of structural details over
several decades in length-scale.

Weapons Applications

Soft materials are abundant in nuclear weap-
ons. Examples include cable jacketing, o-rings,
structural elements, encapsulants, high explo-
sives, electrodes, dielectrics, coatings, mount-
ing pads, getters, sealants, mechanical compo-
nents, printed wiring boards, gas filters, and
optics. Several new surety technologies also
depend on properties available using the mo-
lecular engineering tools of soft condensed
matter.

Encapsulants are a good example of materials
that must meet multiple requirements. Specifi-
cations for weight, modulus, dielectric con-
stant, dielectric strength, fracture toughness,
thermal expansion, and processing must all be
met simultaneously. These multiple require-
ments are satisfied using highly filled polymer
composites, processed and cured by empirical
protocols.

We now face challenges regarding carcinogens
that have disqualified many existing encapsu-
lants. Attempts to eliminate carcinogens have
presented a formidable challenge to weapons
engineers. In the absence of a predictive model
for structure-property relationships, proposed
drop-in replacements with matching glass-
transition temperature, elastic modulus at
room temperature, coefficient of thermal ex-
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pansion, and fracture toughness have failed
functional tests. Unfortunately, the science
base required to understand these materials, let
alone to systematically develop drop-in alter-
natives, is lacking. With the evolution of
weapons technology into the next century,
the risk associated with such ignorance will
increase.

Agile Manufacturing

Polymers are the sine qua non of the con-
sumer economy. In fact, the injection molding
device underlies more consumer products than
any other machine of the industrial age. If the
weapons complex is to mimic the adaptable
manufacturing processes in the commercial
sector, soft materials are critical. A truly agile
weapons manufacturing system is limited as
much by adaptable materials as by adaptable
machinery.

Many futurists believe that the tools of the
cold war will not match the threats of the 21st
century. In a fast-changing, information-
intensive battlefield, adaptability overwhelms
capacity. High-yield weapons, optimized for
longevity, security, and performance, can be
neutralized by unforeseen political as well as
technical developments. A just-in-time weap-
ons development and delivery system, there-
fore, will be more valuable than an aging
stockpile.

Concepts exist, albeit nascent, to manufacture
most of the nonnuclear components from soft
materials. From bomb cases to signal process-
ing devices, nontraditional manufacturing
methods are conceivable. In many cases, the
private sector is developing the required tech-
nologies. A 21st century, just-in-time nuclear
weapon, however, requires a new materials and
processing strategy.

Major Facilities

Neutron scattering is critical to realize the
promise of soft condensed matter as the foun-
dation of adaptive manufacturing. The genius
of strategic planning is to recognize these
critical investments and make them in a
timely manner. It is incumbent on the De-

partment of Energy (DOE), more than any
other institution, to lead the planning process.
The irony of the agile production system is
that its development depends on investment
in the most sophisticated tools of the indus-
trial age. Synchrotron and neutron facilities
are especially important. In fact, the devel-
opment of these characterization facilities was
foundational to the growth of research in soft
condensed matter. The precipitous decline of
neutron facilities and expertise, however,
threatens this most forward-focused element
of the DOE research capability.

Two areas in which a long-pulse spallation
source will be particularly effective are: SANS
and surface neutron scattering. Both are cur-
rently (apart from neutron powder diffraction)
the most widely used methods to nondestruc-
tively characterize materials at the meso-
scopic level. These methods are favored in
industrial research using neutrons.

SANS, for example, can be used to character-
ize the internal pore structure of microporous
materials on length-scales from 10 to ~500 Å
(or larger, if special techniques such as high-
resolution Bonse-Hart systems are used). An
example of an industrial application is the area
of microporous membranes used for separa-
tions of fluids, where SANS has been used to
characterize the internal pore morphology and
spacing.

Surface neutron scattering (such as neutron
reflectivity and off-specular surface scattering)
is becoming an increasingly popular probe to
study the structure and morphology of surfaces
and interfaces, for example, of polymeric
coatings, adhesives, and lubricants on solid sur-
faces, and of polymers and surfactants at liq-
uid/air interfaces or at oil/water interfaces (as
in research into enhanced oil recovery). Neu-
tron reflectivity can probe the density profile
of an adsorbed layer, a thin film, or a single
surface to a precision of a few angstroms. Off-
specular scattering can probe lateral structure,
for example, roughness, islands, or pits on the
surface, structural phase transitions at the in-
terface, and so forth. Surface neutron scatter-
ing is the two-dimensional (2-D) analog of
bulk small-angle scattering; however, the im-
portant difference is that only the lateral
component of the wave vector transfer is
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relevant rather than the total magnitude of
the wave vector transfer making it fairly easy
to resolve 2-D lateral structures up to length
scales as large as 10 to 20 microns!

Role Of Neutron Scattering In Soft-
Condensed-Matter Research

Composites

Advanced polymer composites have the po-
tential to provide substantial increases in
strength-to-weight. Traditional fiber rein-
forced composites suffer difficulties due to in-
terlaminar debonding and stress concentration
at fiber ends. A potential solution to this
problem is the molecular or nanocomposite, a
molecular dispersion of a rigid-rod molecule in
a matrix. These polymer nanocomposites are
predicted to exhibit significant increases in
strength compared with conventional com-
posites. Increases in properties have been
measured as the dispersion is approached, but
difficulties in processing and thermal stability
have limited their performance.

New approaches to polymer nanocomposites
rely on the use of liquid crystalline polymers.
Experiments have relied on SANS to provide
the relevant length scales and contrast needed
to understand the details of the structure in
these composites. The results show the forma-
tion of an interpenetrating network structure
with a characteristic length scale of 8 nm. In
addition, using unique contrast variation
methods available only with neutron scatter-
ing, it has been found that there is substantial
intermixing between the phases.

Further development of these nanocomposites
will depend on the use of neutron scattering to
study the details of the structure of these sys-
tems. The ultimate goal is to provide a firm
basis for the design of such systems, leading to
a new class of high-performance, light-weight
structural materials.

In complex solids and fluids, interfaces are
more important compared with bulk phases,
accounting for the explosion of research based
on scattering and reflection from interfaces.
Indeed, self-assembled systems are often inter-
face-dominated.

The specific adsorption of macromolecules at
interfaces can provide for the tailoring of the
macroscopic response of the interface. For
example, the physisorption or chemisorption
of synthetically designed macromolecular spe-
cies onto the surfaces can be used to modulate
the physical properties (mechanical, trans-
port, electronic, optical, and so forth) or
chemical properties (reactivity, binding speci-
ficity, and so forth) of the solid/liquid or
solid/vapor interface. On the other hand, the
interface can be tailored to provide a template
for the designed fabrication 2-D (monolayer)
and 3-D (multilayer) assemblies. For example,
bifunctional organic chain molecules chemi-
sorbed at the solid/liquid or solid/vapor inter-
face can be synthetically designed to adsorb a
biological protein molecule with high specific-
ity to thereby control the vectorial orienta-
tion and the 2-D ordering of the protein
molecules at the interface.

Both synchrotron x-ray scattering and neu-
tron scattering can be used to investigate the
intramolecular structure and supramolecular
ordering of macromolecules adsorbed at inter-
faces. For momentum transfer parallel to the
plane of the interface, synchrotron x-ray scat-
tering is probably the more appropriate tech-
nique for investigating this structure as pro-
jected onto the plane of the interface. For
momentum transfer perpendicular to the in-
terface, both x-ray and neutron scattering
probe this structure as projected onto the
normal to the plane of the interface. The un-
ambiguous interpretation of such projections is
facilitated by selective deuteration of particu-
lar macromolecular components or specific
submolecular portions thereof in the neutron
scattering case.

The proposed upgrade of the LANSCE facility
to the “long-pulse” regime would provide for
neutron flux densities that would greatly facili-
tate collecting neutron reflectivity and kine-
matical diffraction data for momentum trans-
fer perpendicular to the interface, especially
for enhancing sensitivity to the deuteration of
specific sites in the macromolecular species. In
addition, this upgrade would be especially im-
portant for enabling grazing incidence neutron
diffraction for momentum transfer parallel to
the interface.
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Corrosion

An important potential application could be
the nondestructive study of corrosion pitting
at buried interfaces, for example, at metal/
oxide interfaces inside electrolytes where pits
can invade the metal from the oxide layer and
grow from a few angstroms in size to several
microns in diameter. Neutron reflectivity ex-
periments have been done on corrosion on
Ti/oxide/electrolyte systems, but so far no off-
specular measurements have been done. The
diffuse scattering curves represent quantities
closely related to the Fourier transform of the
pair-correlation function of the pit distribu-
tion across the surface and show the existence
of pits under the oxide layer with an average
size of 5 m and an average separation of 10 m.
Neutrons have the additional advantage of
being able to penetrate bulk solids to look at
deeply buried solid/solid or solid/liquid inter-
faces in this manner, in situ and in real time.

Biotechnology

Tirrell et al. observe that “..with increasing
frequency new materials or processing strate-
gies are emerging, inspired by biological exam-
ples or developed directly from biological sys-
tems. Already, researchers are engineering
bacteria or other organisms to synthesize
monomers for polymer production. They are
synthesizing and expressing artificial genes to

produce protein-like materials with the me-
chanical properties of silk, collagen, or other
materials containing elastic fibers. They are
beginning to use phospholipids as templates
for electronic materials; make synthetic phos-
pholipid vesicles that, like proteins, respond
to signals; use stereoselective catalyses to pro-
duce optically active polymers from racemic
starting materials; and develop protein- and
lipid-based sensors.”1

Often unrecognized is that a biological organ-
ism is a collection of very sophisticated soft
condensed-matter subsystems. Mimicking the
synthetic processes underlying these subsys-
tems is a primary strategy of biomaterials re-
search.

Biosystems offer important synergy between
national needs. It should be remembered that
the first commercial application of the tran-
sistor, now central to nuclear weapons, was in
the hearing aid. Not only can biomimetic ma-
terials impact new materials for weapons, but
the opposite is also true. Scientists addressing
new manufacturing techniques can turn their
expertise to designing better materials for bio-
systems such as bone prostheses.
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Fundamental Neutron Physics at LANSCE

Summary by G. Greene, National Institute of Standards and Technology

Introduction

Modern neutron sources and science share a
common origin in mid-20th-century scientific
investigations concerned with the study of the
fundamental interactions between elementary
particles. Since the time of that common ori-
gin, neutron science and the study of elemen-
tary particles have evolved into quite disparate
disciplines. The neutron became recognized as
a powerful tool for studying condensed matter
with modern neutron sources being primarily
used (and justified) as tools for neutron scat-
tering and materials science research. The
study of elementary particles has, of course,
led to the development of rather different
tools and is now dominated by activities per-
formed at extremely high energies. Notwith-
standing this trend, the study of fundamental
interactions using neutrons has continued and
remains a vigorous activity at many contem-
porary neutron sources. This research, like
neutron scattering research, has benefited
enormously by the development of modern
high-flux neutron facilities. Future sources,
particularly high-power spallation sources, of-
fer exciting possibilities for continuing this
research.

The scientific content of this research, which
has come to be known as “fundamental” neu-
tron physics, has important implications for
particle physics, nuclear physics, astrophysics,
for testing fundamental phenomenolgy, for
determining fundamental constants, and for
investigating the underlying symmetries of
nature. In addition to their scientific impor-
tance, activities in this field have led to a vari-
ety of technical developments that have found
extensive utility in other neutron activities.
Neutron guides, modern neutron polarizers, as
well as a variety of neutron detectors that
originally developed as a consequence of fun-
damental neutron activities are now widely
employed at all modern neutron sources. Con-
tinuing instrumentation developments, which
have a significant impact on materials science
studies, include novel methods of neutron po-

larization (based on optical pumping of 3He)
as well as intense sources of extremely low-
energy neutrons (ultra-cold neutrons [UCNs]).

In anticipating a program of fundamental neu-
tron physics at the Los Alamos Neutron Sci-
ence Center (LANSCE) and Weapons Neutron
Research (WNR) facilities and future sources,
it is useful to note that the character of such
research is qualitatively different from typical
neutron scattering activities and materials sci-
ence studies. While most neutron scattering
measurements use installed, fixed instruments
(perhaps with some modification), fundamen-
tal neutron physics experiments often employ
rather complex apparatus specifically con-
structed for one measurement. Often, such an
apparatus will require several person-years for
development and construction. It will often
require capital investments on a scale not very
different than that required for a scattering
instrument even though it will be used for data
acquisition for a period of months. With rare
exceptions, the support for constructing and
operating apparatus is provided by outside
funding and is not directly provided by the
neutron facility itself.

An experiment in this field often arises from
the realization that an interesting problem,
perhaps in a field such as astrophysics or par-
ticle physics, is best addressed, or is only ad-
dressable, at an intense neutron source. This
insight is likely to develop among researchers
outside the traditional neutron physics com-
munity. It is not uncommon for projects in
this field to be “technique” driven in that they
develop through the realization that a method
from some other field can be applied to neu-
trons with good effect. There have, for exam-
ple, been very fruitful interactions with the
atomic physics, optics, and low-temperature
physics communities.

An intense neutron source should be viewed as
an important resource for the broad scientific
community. This contact with a very broad
scientific community has important positive
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implications for the tenor of scientific and
technical activities that may be expected at
LANSCE and WNR. The fundamental neutron
physics community is diverse and includes
many researchers with the highest interna-
tional scientific reputations. A vigorous pro-
gram in fundamental neutron physics at LAN-
SCE and WNR and future sources at Los
Alamos will encourage important scientific
connections with an extremely broad scientific
community.

As an aid in the review of this research area, it
is convenient to divide fundamental neutron
research into three categories:

· Fundamental and particle physics with
cold neutron beams concerns elementary
particle physics, tests of fundamental
symmetries, and the determination of fun-
damental constants using neutron beams.

· Particle physics with stored UNCs concerns
research with neutrons of sufficiently low
energy that they can be “trapped,” held,
and studied in material bottles for long pe-
riods (minutes).

· Epithermal and higher energy neutron
physics research concerns activities using
neutrons having energies ranging from
about 1 eV to energies of tens or hundreds
of MeV.

This classification is by no means rigorously
distinct. Many activities span more than one
category. Such overlap is an important feature
of this area of research; the field of fundamen-
tal neutron physics is actually a rather broad
interdisciplinary endeavor. A high degree of
“cross-fertilization” between different areas of
physics has been essential to the vitality of
this research.

Fundamental and Particle Physics
with Cold Neutron Beams

Fundamental research with cold neutron beams
includes a rather considerable variety, and it is
beyond the scope of this summary to provide
a complete review. Aside from focusing on a
few specific and somewhat arbitrary highlights,
this section will present only a brief survey of
the field. More detail is readily available in the

form of the proceedings of a series of interna-
tional workshops and conferences1–4 that have
been devoted to this work.

In general, there are two reasons why cold
neutron beams are well suited to studying the
neutron and its fundamental interactions. Ex-
periments that measure static neutron proper-
ties (including decay properties) or the inter-
action of free neutrons with laboratory fields
typically benefit from the (relatively) long
observation times (of flight) that are available
with low-energy neutrons. Experiments that
require spin-polarized neutrons profit from the
relative ease with which intense cold beams
can be polarized with high efficiency.

Accurate values for the properties of the free
neutron, determined using cold neutron beams,
have implications in many fields. The deter-
mination of the neutron magnetic moment
can shed light on the quark structure of the
nucleus. Limits on the neutrality of the neu-
tron reflect on the more general question of
the neutrality of matter and indirectly on the
gauge invariance of the electromagnetic inter-
action. Measurements of the correlations in
free neutron decay can shed light on the origin
of parity and time reversal symmetry viola-
tion as well as providing important informa-
tion on the nature of semileptonic weak inter-
actions. Measurements of the neutron beta
decay lifetime are useful for detailed tests of
the standard model of the weak interaction
and provide a parameter of great importance
in astrophysics and cosmology. The measure-
ment of selected neutron cross sections is im-
portant for stellar astrophysics and  under-
standing the details of the standard solar
model. Measurements involving polarized neu-
trons have shed light on the details of the
weak interaction between quarks. During the
last decade, the search for a baryon noncon-
serving “oscillation” (in parameter space) be-
tween the free neutron and its antiparticle, the
antineutron, has been interesting.

Particle Physics with Stored
Ultra-Cold Neutrons

Measurements of the neutron electric dipole
moment dn, and the beta decay lifetime of the
neutron tn, which are possible using neutrons
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of extremely low energy (UCNs5–7), have
proved to be extremely valuable in achieving a
better understanding of the symmetry breaking
components of fundamental forces. The neu-
tron is now viewed as a composite structure
comprising two “down” quarks and one “up”
quark bound together by the strong interac-
tion. In spite of the neutron’s electric charge
neutrality, the electromagnetic force (10-2

times the strength of the strong force) mani-
fests itself with a nonzero neutron magnetic
moment. Neutron structure is also influenced
by the “weak” interaction that, although its
strength is 10-7 times that of the strong force,
leads to neutron beta decay. The weak force
has a “handed” character that leads to the
violation of parity symmetry P (as far as we
know, this is not the case for the strong and
electromagnetic forces). Neutron decay, like
most beta-decays, is a parity-violating phe-
nomena. The relative “weakness” of the weak
force is responsible for the relatively long neu-
tron lifetime of approximately 888 ±2 s.

In 1964, experiments on the decay of the K0

mesons revealed another even weaker force
that violates both parity and time reversal
symmetry T. This force, which is perhaps
10-12 times the strength of the strong force,
would also be expected to play a role in the
internal structure of the neutron. In view of
this minute strength, other manifestations of
this force have so far proved, not surprisingly,
to be elusive. Thus, it has been difficult to de-
velop a theory for the force or to even deter-
mine whether it is a new interaction or simply
a novel manifestation of other interactions.
The simplicity of the neutron makes it an at-
tractive tool for the study of T violation.

The P and T breaking symmetry properties
allow the possibility of permanent electric di-
pole moments (EDMs) in elementary parti-
cles. Naively we may anticipate that the size
of the neutron EDM may be dn £ 10-12 times
the diameter of the neutron. That is,
dn £ 3 ¥ 10-26 e cm (note that the present,
most widely favored explanation for the T
violation predicts much smaller effects, with
dn being 5 to 7 orders of magnitude less). From
experiments with stored UCNs, the present 1s
error is 4 ¥ 10-26 e cm. There is a strong in-
centive to improve this precision.

The weak force with a relative strength of 10-7

is more accessible and consequently it is much
better understood. It exists by virtue of ex-
change of the known heavy W+, W-, and Z0 par-
ticles, and it is related in detail to the electro-
magnetic force in the “electroweak” theory.
Beta decay is its most direct manifestation at
low energies, and the decay of the neutron is
the simplest case for which quantitative low-
energy measurements can be made. The neu-
tron lifetime tn and the asymmetry parameter
for the correlation between the decay electron
momentum vector and the neutron spin direc-
tion furnish simultaneous, linearly independent
inputs that can be solved for the parameters gV

and gA, which represent the strengths of the
vector and the axial vector parts of the weak
force for the nucleon. The same value of gV,
with some small corrections, will apply to all
nuclear beta decays and to the decay of the
muon. The shortage of precision in the neu-
tron measurements has frustrated the pursuit
of the finer details of this theory. In the last
5 years, measurements with stored UCNs have
improved the precision of tn by nearly an or-
der of magnitude and the consistency between
different experiments has been improved. In
the future, the asymmetry parameter may also
be measured using UCNs. Further improve-
ments by a factor of 10 are highly desirable
for both quantities as they will then provide
one of the most stringent tests of the standard
model for the weak interaction.

Compared with thermal and cold neutron
speeds of approximately 2000 m/s and 500
m/s, respectively, UCNs have speeds less than
about 6 m/s. They can be stored in “bottles”
with material walls (or confined by laboratory
magnetic fields). During storage, they steadily
disappear from the bottle because of beta de-
cay and loss processes involving nuclei in the
wall surface. Average storage times of hun-
dreds of seconds can be obtained with clean,
room-temperature walls of suitable materials.
During storage, the neutrons continually
bounce between the walls of the storage vessel,
reflecting elastically from the walls, and may
cross the bottle many thousands of times be-
fore being lost. Observation times for individ-
ual neutrons in UCN experiments may be hun-
dreds or even thousands of seconds. These
times may be contrasted with observation
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times that are restricted to tens of millisec-
onds for cold beam experiments. This huge
advantage is partly offset by lower counting
rates, but the net improvement in precision
can still be several orders of magnitude. In ad-
dition, UCN storage vessels can be displaced by
several meters from the source line of sight,
which results in very low background condi-
tions. Nonetheless, the low absolute count
rates associated with all UCN measurements
have resulted in nearly all experiments being
limited by counting statistics. All UCN meas-
urements will therefore profit from the higher
UCN densities that are possible at advanced
neutron sources. Indeed, the most exciting
prospects for fundamental neutron physics at
the next-generation neutron source likely will
involve the use of UCNs.

At present, the most intense source of UCNs
in the world is at the Institut Laue-Langevin.
The number density of UCNs up to the speed
of 6 m/s at the output of the turbine blades is
about 90 cm-3. Another intense source is at the
WWR-M reactor of the Petersburg Nuclear
Physics Institute (Russia) where the density is
about five times less, reflecting the compara-
bly lower source thermal neutron flux. These
sources have been in use since 1986, and these
institutions have no immediate plans for more
intense sources.

A spallation source with the characteristics of
LANSCE could provide UCNs that might be
competitive with the best sources in the world.
This source would be based on the down con-
version of thermal neutrons by back reflection
from a moving crystal. The source involves a
rotor using Bragg reflection from crystals of
an synthetic fluorinated mica (or perhaps
graphite). Such a device downconverts neu-
trons with a wavelength of approximately
10 Å from the cold source at the peak inten-
sity in the pulse. This source is in the detailed
design stage and is hoped to be installed for
tests at LANSCE in the near future.

Down-scattering in superfluid helium or solid
D2 is an extremely exciting alternative
method of UCN production, which could offer
densities approaching 104 UCN cm-3 if em-
ployed at the 1-MW long-pulse neutron source
under consideration in area A. This technol-
ogy offers the possibility of a two order of

magnitude increase in UCN density, which
would truly revolutionize the field of UNC re-
search. Such a source, if shown to be practical,
could lead to very significant advances in fun-
damental neutron research and could open a
variety of opportunities for studying materials
with UCNs.

Epithermal and Higher Energy
Neutron Physics

Epithermal neutrons and neutrons at higher
energies from pulsed-accelerator spallation
sources can be employed to provide sensitive
tests of parity and time reversal invariance.
The energy resolution obtained using time-of-
flight techniques offers the possibility of ob-
serving and using p-wave resonant enhance-
ments of parity nonconserving effects. A par-
ticularly novel use of energetic neutrons
examines the average enhancement in several
p-wave resonances in a compound nucleus.
From such averages, taken over many nuclei,
it is possible to extract weak meson-nucleon
couplings. This information provides a unique
window on the nature of the weak interaction
between nucleons.

The information from this class of observa-
tions can be enhanced by better understanding
the details of the resonances that lead to the
large observed enhancements. Such informa-
tion could be obtained using a gamma ray de-
tector array. The installation of such an array
at LANSCE would provide a powerful new tool
for investigating the weak interaction as well
as a variety of other phenomena.

The broad spectrum of neutrons available at
WNR offers the possibility to carry out meas-
urements at much higher neutron energies. At
WNR, it is possible to obtain data as a func-
tion of incoming neutron energy in a single
experiment for neutrons between 100 keV and
600 MeV. This energy regime bridges the gap
between low-energy reactions, where com-
pound nuclear processes dominate, and high-
energy reactions, where any compound nucleus
formation is preceded by extensive intranu-
clear cascade-type particle emission. Conse-
quently, many studies can be conducted at
WNR to provide important information on
reaction evolution.
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Neutron-proton bremsstrahlung is important
both as a fundamental measurement needed to
understand photon emission in medium-energy
heavy-ion reactions and as a mechanism for
studying meson-exchange contributions to the
nucleon-nucleon potential. This is important
complementary information to that obtained
by the deuteron photodisintegration measure-
ments at the Continuous Electron Beam Ac-
celerator Facility.

Charge-exchange (p,n) and (n,p) reactions can
be studied using protons and spallation neu-
trons, respectively. Direct (n,p) reactions in-
duce Gamow-Teller similar to those of ß-decay
but over a much wider range of excitation en-
ergies. Substantial differences are observed be-
tween the data and calculations that include
correlation effects.

Much nuclear data for numerous applications
can be obtained at spallation sources: cross
sections of charged particle emission (dosim-
etry and neutron therapy), fission and (n,xn)
cross sections (shielding, transmutation facil-
ity design), photon yields, detector calibration,
explosives and drug detection, oil-well logging,
and so forth. These issues are discussed at
length in the reports of other groups.

Summary

The development of intense neutron sources
has seen the parallel development of a rich
research program in which the neutron (and its
fundamental interactions) are the object of
study. This research, employing a rather wide
variety of experimental approaches and tech-
niques, has produced results of importance in
particle physics, nuclear physics, determining
fundamental constants, astrophysics, and
studying fundamental quantum phenomenol-
ogy. While the scope and sensitivity of this
research has expanded with the refinement of

measurement techniques, it is a particular
characteristic of this area of study that ad-
vances in both the quality and quantity of re-
sults follow directly from improvements in
source intensity.

LANSCE and WNR provide unique facilities
for investigating many issues. The proposed
long-pulse facility, which would employ the
full linac beam, could provide an unparalleled
source of UCNs and project Los Alamos into a
position of world leadership in the area of fun-
damental neutron physics.
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Applied Nuclear Physics in Support of SBSS

Summary by D. Strottman, Los Alamos National Laboratory

Introduction

Since the advent of the 800-MeV proton lin-
ear accelerator over 3 decades ago, the facili-
ties on the Clinton P. Anderson Meson Phys-
ics Facility (LAMPF) mesa have pioneered
many developments that provide unique capa-
bilities within the Department of Energy
(DOE) complex and in the world. New tech-
nologies based on the use of the world’s most
intense, medium-energy linac, LAMPF, are
being developed. They include destruction of
long-lived components of nuclear waste, plu-
tonium burning, energy production, production
of tritium, and experiments for the science-
based stockpile stewardship (SBSS) program.
The design, assessment, and safety analysis of
potential facilities involve the understanding
of complex combinations of nuclear processes,
which in turn establish new requirements on
nuclear data that transcend the traditional
needs of the fission and fusion reactor com-
munities. Other areas of technology such as
neutron and proton therapy applications are
also placing new requirements on nuclear data.
The proposed Los Alamos Neutron Science
Center (LANSCE) now under discussion com-
bined with the appropriate instrumentation
will have unique features and capabilities of
which there were previously only aspirations.

Gamma-ray spectroscopy is fundamental to
experimental neutron science. The white
source of LANSCE, coupled with a large-scale
gamma-ray detector array, is a unique powerful
combination for neutron science. This combi-
nation is the preferred tool to meet many nu-
clear data requirements, including the Ad-
vanced Fission Model, (n,xn) cross sections on
239Pu and other elements mentioned in this
session, plus data requirements we have not
yet anticipated. Finally, this combination im-
pacts all neutron science and ensures a leader-
ship role for LANSCE.

In this paper, I will first discuss some of the
physics issues—with emphasis on the applied

arena—that can be investigated with the
LANSCE upgrade and then discuss some of the
many applications that can be addressed with
this unique facility. Abstracts from speakers
at this breakout session are included in Appen-
dix D.

Physics Issues

It is no surprise that an accurate knowledge of
fission cross sections is important to the SBSS
program. Our knowledge of neutron-induced
fission cross sections, the fission daughter
products, gamma, and fission branching ratios,
and so forth is meager and not widely appreci-
ated. Additional knowledge of these items is
needed for the actinide and transactinide nu-
clei, e.g., the fission cross sections of the
heavy uranium isotopes.

Considerable work is also required for the
subactinide nuclei. Work aimed at extending
one’s knowledge of the fission process to nu-
clei lighter than uranium has made initial prog-
ress, but there is no systematic characteriza-
tion of the subactinide nuclei. As an example,
the fission physics and characterization of fis-
sion fragments of Pb and W is badly needed
for the accelerator production of tritium
(APT) and accelerator-driven transmutation
technologies (ADTT) projects. In this and
other projects, measurements in conjunction
with a gamma detector array will greatly im-
prove knowledge of the physics.

As is not uncommon, the boundary between
purely applied science and basic research is
blurred. In neutron physics, this is particularly
so. Knowledge gained from a study of the nu-
cleus often has direct application, and vice
versa. Two examples of this follow.

In the first example, neutron-rich nuclei are
produced as fragments following fission. Use
of the (n,f) reaction (including targets of ex-
otic or isomeric nuclei) will provide an ex-
tremely rich source of new nuclides. Combined
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with HERA, the gamma-ray multiplicity spec-
trometer, this will allow spectroscopic studies
of fission fragments as a function of En. Al-
most no fission-fragment gamma-ray spec-
troscopy experiments have been performed
(except for a few at Daresbury) so this is
largely unexplored territory. It will also allow
spectroscopic study of other nuclei in regions
previously unstudied. Use of g-g or ggg correla-
tions will lead to an unprecedented ability to
extract previously inaccessible information.
As such, the LANSCE and HERA facility will
complement heavy ion-induced reactions and
the proposed radioactive beam facilities.

A second example involves studies of states
with large deformation in the second and third
well using (n,g) or (n,f,g). Study of superde-
formed states with heavy-ion reactions is an
exciting frontier in nuclear physics. Superde-
formed states in the actinides are typical and
have been known for some time as fission
isomers or states in the second or third well.
However, the physics of these states is incom-
pletely or poorly understood. States in the
second well typically have a 2:1 deformation
(b = 0.6) and those in the third well have a
deformation of 3:1 or b = 0.8. Many of the
nuclear structure problems that exist for the
superdeformed states with A < 200 also exist
here, but the fission isomers are complemen-
tary in that they have low spin. Earlier work
has raised several puzzles, e.g., the micro-
scopic calculations of the fission barrier have
not been uniformly successful suggesting our
knowledge of the nucleon-nucleon interaction
needs revision. Further, it is known that in-
termediate structure resonances in the second
well cannot be described within the conven-
tional picture; this suggests our understanding
of the nuclear potential energy surface is in-
adequate.

There is a whole range of neutron-induced re-
action physics that needs to be addressed at
LANSCE and the Weapons Nuclear Research
(WNR) facility. Neutron scattering obser-
vables such as measurements—including spin
observables—for optical model development
and reaction cross sections for APT are re-
quired. Study and validation of preequilibrium
reactions/models are badly needed and would be
possible from the data acquired; these models

are essential to obtain data for the transport
calculations for APT design, neutron radiogra-
phy, and radiation oncology. More informa-
tion is needed for dosimetry and radiation
standards. A study of multiparticle final states
including all produced particles following neu-
tron scattering is needed for the APT and
ADTT projects. Benchmarking measurements
for validating computer codes are essential.
Integral measurements of t/p, n/p, ... are re-
quired as well as measurements of spallation
product distributions including radioactive
yields for APT. Additionally, a better charac-
terization of the nuclear properties of unstable
nuclei subsequent to neutron scattering or neu-
tron-induced fission is needed for both basic
physics as well as for APT, ADTT, and the
weapons program. Measurement of (n,xn) re-
actions, e.g., 239Pu(n,xn) and 239Pu(n,xn,g), is
needed for the weapons database.

Increasingly, there is a need for comprehen-
sive neutronics and radiation analyses of nu-
clear systems that involve particle energies
greater than 20 MeV, currently the energy
limit for neutron reactions in the U.S. national
nuclear data system, ENDF/B. There will be a
strong synergism between weapons’ issues and
medium-energy applications, e.g., APT and
neutron radiography. Measurements will lead
to theoretical model development and im-
proved predictive capabilities of the applied
programs.

Specific Applications

Physics for Defense Programs

Several speakers mentioned experiments that
would improve our predictive capability of a
nuclear weapon’s performance and how to bet-
ter understand problems associated with an
aging stockpile. Among these is the data effort
to better understand past Nevada Test Site
events. This effort must include both better
characterizing prompt diagnostics and a better
understanding of rad-chem diagnostics. Many
of the required cross sections for rad-chem
detectors used in the past are poorly known or
suspected of being inaccurate. The use of
LANSCE for transmutation of wastes was dis-
cussed by J. Zumbro. Finally, there was a dis-
cussion of measurements relevant to prolifera-
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tion concerns on actinides, transactinides, and
structural materials. Many of these issues were
also discussed in detail at the classified session.
During the breakout session, D. Madland pre-
sented his new Advanced Fission Model for use
in applications. Post-scission (i.e., after the
snapping of the neck between the two nascent
fission fragments) observables currently used
in applications include average total fission-
fragment kinetic energy Etot, average prompt
fission neutron multiplicity, (En), average
prompt fission neutron spectrum N(E), and
the average fission fragment (A, Z) and its
corresponding neutron cross sections. All of
these post-scission fission observables are dis-
tributions. However, in almost all applications,
only average values for these distributions are
used. The essence of the Advanced Fission
Model is to replace average values of post-
scission observables by the distributions of
these observables together with their correla-
tions. The Advanced Fission Model will require
using experimental measurements combined
with extensive modeling of the fission process.
Detailed measurements will be required of

· the cross section for fission as a function
of incident neutron energy

 
· detailed mapping of the fission products,

including
a) the isotopic identification of the

fragments
b) energy spectrum of emitted neutrons

N(E)dEn

c) kinetic energy of fragments Ex(f)

Radiography, Both Static and Dynamic

The promise of neutron radiography was dis-
cussed by several speakers. High-energy neu-
trons have considerable penetrating power and
are more sensitive to low-Z materials than are
other techniques. A. Gavron and C. Morris
spoke on using highly penetrating high-energy
neutrons to probe for small defects or gaps in
materials. Based on a detector having a flat
response and seeking a signal 5 s above back-
ground in a reasonable time period (hours), the
optimal neutron energy range for radiography
is 8 to 400 MeV. Gavron discussed a proof-of-
principle experiment. In it one detected pin-
holes of 4, 8, and 12 mm diameter in a 2.5-cm
sheet of LiD sandwiched between two 5-cm-

wide blocks of 238U. There was excellent com-
parison between a Monte Carlo simulation and
the observation.
Gavron also discussed advanced concepts pos-
sible with a dedicated facility, and what would
be required of such a facility. With the appro-
priate setup, one could perform neutron to-
mography by rotating the sample about an
axis and taking multiple exposures. A second
possibility is to exploit the energy dependence
of neutron scattering to search for defects in
materials. Morris also discussed possible new,
position-sensitive detectors for neutrons.

J. Lynn spoke on the potential of using reso-
nant radiography at LANSCE. The resonant
cross section of a neutron interacting with a
material is dependent on the temperature of
the sample: the higher the temperature, the
broader the resonance. Thus, a pulse of neu-
trons passing through a sample generated, e.g.,
by an explosion or a dynamic shock, can
measure the temperature of the sample. Reso-
nant radiography can be used to find minute
impurities in a sample by searching for the
resonance of the impurity. It was also men-
tioned that different areas of a sample could be
seeded with different trace elements and
thereby provide spatial and temporal informa-
tion of a shock.

Medical Applications

Radiation has long been an effective tool in
the fight against malignant tumors. Several
radiation oncologists have been exploring the
usefulness of protons and neutrons in this
struggle. Despite much work the effective ra-
diation dose on a tumor in a human is inaccu-
rately known. Further, the optimal energy—
which will depend on the nature and location
of the tumor—of the incident radiation is not
known. There are too many interfaces and
density changes (e.g., organ boundaries, bones,
etc.) that may cause an incident particle to
scatter, or induce secondary radiation. It was
originally proposed by a group at Los Alamos,
and as discussed by M. Chadwick, now being
carried out at Lawrence Livermore National
Laboratory (LLNL), to model the transport of
the incident and secondary particles using
modern transport codes such as MCNP or
Peregrine in a human. Treatment regimens
may be individualized and determined by mod-
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eling using CAT scan images. Besides reliable
transport models, one needs very accurate data
up to 250 MeV or higher for both neutron-
and proton-induced reactions on a variety of
target nuclei including carbon, oxygen, cal-
cium, and nitrogen.

Chadwick and P. Young discussed the impor-
tance of developing neutron and proton cross
section libraries in the incident particle energy
range of 20 MeV to approximately 200 MeV
for transport applications. They described new
theoretical methods for developing cross sec-
tion libraries at these higher neutron and pro-
ton energies including a new model for calcu-
lating multiple preequilibrium effects.
Currently, an intranuclear cascade plus evapo-
ration model is used in the LAHET code to
calculate nuclear data for all neutron interac-
tions occurring at energies greater than 20
MeV. Use of the intranuclear cascade model at
energies below -150 MeV is known to be inap-
propriate, and this procedure is followed pri-
marily because of the unavailability of reliable
cross section data at energies above 20 MeV.
Chadwick and Young described a collaborative
effort involving personnel from LLNL and
Los Alamos to improve the nuclear physics
information, particle transport capability, and
overall reliability of the nuclear analysis code
systems. They described how such measure-
ments can be combined with theoretical cal-
culations to obtain (n,xn) cross section infor-
mation needed for defense and other
applications that is otherwise sparse or un-
available.

Industrial

Several industrial applications of neutrons
were discussed. J. Ullman discussed using neu-
tron-induced fission for pinning down the vor-
tices that are needed for large volume coher-
ence in a high-temperature superconductor. As
a result one can obtain much higher, persistent
currents at high magnetic fields.

S. Wender presented applications of LANSCE
for single-event upsets (SEU) and multiple-
event upsets, an important concern in avion-
ics as more electronics with decreasing feature
size are incorporated into guidance and control
systems. One specific example involved certi-
fying the chips used in the Boeing 777 fly-by-

wire system. The WNR 30° spectrum resem-
bles that caused by cosmic rays at altitudes of
30,000 to 50,000 ft, but with an intensity of
105 greater. Thus, by exposing the chips to
the WNR neutron beam, one can in a very
short time determine the susceptibility of the
chip to SEU over the expected service of the
plane.

As an example of the applicability of LAN-
SCE to the study of radiation damage to mate-
rials, G. Logan described a putative experiment
to understand dose-rate effects at the National
Ignition Facility (NIF). Ideally, one would de-
sign structural materials that are impervious to
radiation or do not become highly radioactive
in an inertial confined fusion of Tokamak re-
actor. For this one needs to know the nonlin-
ear effects of high doses, i.e., multitransmuta-
tion steps, nonlinear effects on annealing rates
of piled-up voids, and for NIF, the effect of
short-pulse gamma bursts on the transmissiv-
ity of laser optics. With a combination of ir-
radiation of samples at WNR and modeling (to
account for the different neutron energy spec-
trum between WNR and NIF), it is hoped that
considerable knowledge of material response
may be gained.

Instrumentation

To fully use the new capabilities, it is impera-
tive to obtain the necessary instrumentation.
New position-sensitive detectors are being de-
signed to permit high-resolution radiography.

The combination of LANSCE and a large-scale
detector array for gamma-ray, x-ray, and neu-
tron detection would be a very powerful com-
bination and facilitates many measurements.
For example, one could measure all the quanti-
ties needed in the Advanced Fission Model ex-
cluding the fragment kinetic energies; these
latter can, however, be estimated if the detec-
tor array also has the capability of neutron
measurement. A multidetector array with large
resolving power for gamma-ray detection is
the key component because mapping the Z,A
and excitation of each fission fragment re-
quires coincidence of gamma-ray measure-
ments of the correlated fragment pairs.
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A new array could be built at a cost of 10- to
15-million dollars over 2 years. An alternate
route would be to bring a large-scale gamma-
ray array, e.g., HERA, to LANSCE. HERA is
one of three large-scale arrays in the U.S. and
is available because the more advanced GAM-
MASPHERE has been built at the Lawrence
Berkeley National Laboratory (LBNL) 88-
Inch Cyclotron. A proposal has been made to
LBNL and DOE/OHENP to site HERA at
LANSCE.

Never before would such a powerful detector
have been combined with a neutron source. It
will uniquely enable one to address problems of
interest to SBSS. Other detectors required to
execute the program are a large-angle particle
array and a neutron detection array.

Conclusion

In this breakout session, many new and excit-
ing applications of an upgraded LANSCE were
presented. Some of these possibilities—such as
radiography, fission studies, dosimetry meas-
urements, code benchmarking—are already in
the exploratory phase. Other possibilities such
as using neutrons to determine temperature or
density profiles of shocked materials or to
measure fission branching ratios await further
accelerator or detector development. The
known and many unconceived uses of neutrons
promise an exciting future in many applica-
tions.
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Condensed Matter Physics and Chemistry

Summary by W. J. Nellis, Lawrence Livermore National Laboratory

Introduction

The proposed Los Alamos Neutron Science
Center (LANSCE) upgrade is ideally suited for
science-based stockpile stewardship (SBSS) be-
cause LANSCE is a high-intensity pulsed neu-
tron source located at a nuclear weapons de-
sign laboratory. The attributes of a high-
intensity pulsed source are essential for per-
forming experiments on Pu and other materi-
als important for SBSS. Neutrons can accu-
rately probe thick bulk specimens, probe thin
layers both freestanding and embedded in
thicker specimens, and provide time-
resolution for some phenomena. Both ordered
structures and disorder in solids, liquids, and
amorphous materials can be characterized, as
well as phase transitions. Because LANSCE is
at a nuclear design laboratory, specimens im-
portant for SBSS issues are available. Los Ala-
mos National Laboratory is an appropriate
place to develop the requisite hardware to ac-
commodate SBSS specimens, such as Pu.

In some cases, new and more detection sys-
tems need to be developed to obtain the neces-
sary accuracy within the available neutron
counting times. It is also important that an
appropriate technician staff be available to
assist in operating the instruments. The capi-
tal and operating costs of neutron detection
instruments are small compared with the cost
of neutron sources and efficient detection sys-
tems necessary to achieve the potential of
LANSCE.

The proposed facility is primarily for SBSS
issues, but it would also be rich in related indus-
trial and scientific applications.

Upgrading LANSCE is strongly recommended
because the neutron scattering and SBSS com-
munities need to

· have a neutron-scattering facility dedi-
cated to the wide range of experiments

· emphasize high intensities to probe small
samples, such as Pu

· emphasize high resolution in neutron in-
strumentation

· use high-intensity short neutron pulses to
time-resolve phenomena such as phase
transitions in Pu

 Other recommendations for LANSCE include

· coupling the neutron pulses and spec-
trometers with other apparatus that pro-
duce extreme conditions, such as a high-
pressure cell and pulsed high-magnetic
fields

· maximizing detector number and effi-
ciency before increasing beam intensity
because detectors are much less expensive
than increases in beam intensity

· operating the facility efficiently to attract
industrial users

The details are summarized in the written in-
put of the speakers in Appendix E.

Specific Issues of SBSS Importance

Plutonium and the Actinides

Equation-of-state (EOS) and vibrational-
spectra data of Pu, its alloys, and the light ac-
tinides (Pu, Np, U, and Th) are needed to im-
prove the accuracy of the EOS of these mate-
rials for calculations related to the weapons
stockpile. Experimental data are needed at
static pressures up to 100 kbar and tempera-
tures up to 1500 K and higher, if possible. The
Pu242 isotope should be used to minimize neu-
tron absorption and sample heating. Relatively
small samples are necessary because of the
relatively small sample volumes in high-
pressure cells, safety issues in handling Pu, and
Pu242 is a rare isotope. High intensities are
needed for small samples. The a-, b-, and d-
phase solids and the liquid should be studied.
Phonon spectra are needed in the solids, and
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structure factors are needed in the liquid, which
are obtained by inelastic and elastic neutron
scattering, respectively.
Solid Pu has the most complex phase diagram
of all the elements. It was determined by x-ray
scattering over 30 years ago. Explaining it
would be a tremendous scientific accomplish-
ment. Six solid phases at room pressure are
reduced to only two phases by 2.5 GPa (25
kbar). The melting temperature is reduced
from about 900 K to 780 K by 2.5 GPa. Pho-
non spectra are needed to calculate thermal
pressure and to look for lattice instabilities in
the solid that might explain this incredibly
complex phase diagram. Powder diffraction
experiments are needed to verify the known
phases, identify any possible unknown phases,
and determine Debye-Waller factors, com-
pressibilities, and thermal expansions. Meth-
ods to determine disorder within ordered sys-
tems should be developed to shed light on
mechanisms driving phase transitions. Time
resolution available with a pulsed source might
be able to determine the time required for one
solid phase to transform to another. A detec-
tion system more efficient than the present
one is needed for the diffraction experiments.

Measurements of phonon spectra require sin-
gle crystals of a-, b-, and d-phase Pu. The b
and d phases need to be stabilized by some-
thing like ~1% of Np and Ga, respectively.
Several small crystals with the same orienta-
tion might be grouped to effectively form one
large crystal. Single crystals of Pu are difficult
to grow but the scientific information to be
obtained justifies the effort. Phonon spectra
have not been obtained for any material at
high pressure, which means the technique
needs to be developed with relatively simple
simulants, such as Al, Cu, and Ta.

Studying the systematics of the light actinides
(Th, U, Np, and Pu) is recommended to bring
enhanced understanding to all of them.

Liquid Pu is anomalous in the sense that near
ambient pressure Pu contracts on melting, at
2.5 GPa Pu has no volume change on melting,
and at higher pressures Pu expands on melting.
Accurate interatomic potentials should be de-
rived from neutron-measured liquid structure
factors to determine the scientific causes of
this anomalous behavior and to calculate

thermal pressure accurately. A new detection
system is needed to be able to perform these
experiments in the liquid. Such a detection sys-
tem would have applications to industry and to
scientific issues, such as structures and interac-
tions in amorphous magnetic systems and the
nature of glasses in industrial and geological
materials.

Structural determinations of liquids require
dedicated diffractometers covering a high-Q
range with short-wavelength neutrons, detec-
tors at low angle 2Q < 45˚, and a comprehen-
sive data analysis procedure. Advanced chop-
per spectrometers being designed and built at
spallation sources (PHAROS at LANSCE and
MARI at ISIS in the UK) are extremely valu-
able for studying liquid dynamics. Low-angle
detectors to measure a large range of energy
transfer at low Q are especially important in
systems undergoing phase transitions.

Clearly, the study of Pu is important. S. S.
Hecker, Director of Los Alamos National
Laboratory; J. Immele, Director of Nuclear
Weapons Technology Programs at Los Ala-
mos; and R. Fortner, Associate Director of
Physics and Space Technology at Lawrence
Livermore National Laboratory (LLNL) all
emphasized the importance of Pu studies for
SBSS in their presentations the first day of this
workshop. Thus, it is important to consider
pulsed neutron-scattering experiments on Pu
at high shock pressures. However, shock ex-
periments on Pu are not now possible. Inde-
pendent of LANSCE, complementary dynamic
high-pressure experiments have been proposed
for the Los Alamos “Pu gun,” and these need
to be performed. However, the Pu gun has
been available at Los Alamos for many years
and has never been fired with Pu samples. No
technological reason prevents Pu gas-gun ex-
periments from being performed safely. When
it is actually possible to do experiments on Pu
at high shock pressures, then a careful consid-
eration of possible pulsed neutron experiments
at LANSCE on Pu at high shock pressures
would be warranted.

Hydrogen

Hydrogen samples at several 100 kbar up to
the Mbar range have a volume of about
10-6 mm3. While hydrogen is an important
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SBSS material and a strong neutron scatterer,
these tiny samples in diamond anvil cells
would require very high neutron intensities,
not currently envisioned.

Shock-Induced Structures and Defects

The purpose of this application is to

· take advantage of the high intensities at
LANSCE to understand shock effects in
complex Earth materials that surrounded
underground nuclear explosions

· understand a case of “knob twisting,”
which is the process of making a computer
code agree with experiments by tuning a
parameter in a simulation code to obtain
agreement with experiments without pro-
viding a physical basis for the agreement

· develop a collaboration between LANSCE
and LLNL on shock-compression experi-
ments

Underground nuclear explosions at the Nevada
Test Site were done in tuff, a multiphase, SiO2-
rich water-saturated rock. Treaty Verification
issues, weapons effects in rocks, and the con-
tainment of underground nuclear explosions
would be better understood and, perhaps, con-
trolled if the structure of the rock surrounding
an explosion were known as a function of
shock pressure diverging from the source of an
explosion. Thus, it is important to determine
the glass and/or crystal structure of tuff
shocked to pressures up to the 100 GPa
(Mbar) range. Because about 80% of tuff is Si
and O2 in the form of silicates, pure SiO2

quartz ideally simulates complex tuff. Tuff and
quartz should be shocked with a gas gun at
LLNL up to Mbar pressures and recovered for
characterization of crystal structure and de-
fects at LANSCE. LLNL has developed so-
phisticated techniques to recover samples in-
tact from shock pressures up to the Mbar
range.

Shock-wave temporal profiles in tuff measured
at LLNL have been interpreted in different
ways by two different groups. Both interpreta-
tions are obtained by matching two different
computer models to the same experimental
data. Physically characterizing the structure of
this material on recovery from high shock

pressure is the only way to resolve the dis-
crepancy in the two computer models. Because
of the many phases in shocked tuff and quartz,
high intensities at LANSCE are needed.

Similar information about shock-induced de-
fects should be obtained for materials whose
mechanical constitutive properties are needed
for accurate computational simulations under
shock loading driven by high explosives. Ex-
amples include shocked uranium, lead, tanta-
lum, and steels. Characterization of shock-
induced defects are needed to develop constitu-
tive models from first-principles theory. De-
fect densities in shocked materials could
probably be determined by low-angle neutron
scattering.

Shocked quartz is the only material in which
two different glasses can be made in the same
material at the same time with the same
chemical composition. Thus, neutron scatter-
ing in shocked quartz might provide insight
into the nature of a glass, an important tech-
nological and geological material. In supercon-
ductors, shock-induced lattice defects increase
intragranular critical current densities by in-
creasing magnetic fluxpinning energies. LAN-
SCE would be useful to determine defect densi-
ties in shocked superconductors, which could
then be correlated with critical current density.

These applications would not only enhance
LANSCE capabilities but would also enhance
shock-wave technology. Unique structures are
generated by shock deformation, and shocked
materials have never been characterized by
neutron scattering.

Dual-Use Techniques for SBSS and for
Scientific/Industrial Users

Local Structures on Different Time Scales and
Short-Range Order in Complex Materials.
There is a possibility of resolving local struc-
tures on different time scales using neutron
powder diffraction. This capability is impor-
tant in understanding phase transitions, the
glass transition, and any property of a lattice
in which the structure observed depends on
how fast the sample is probed. The time scale
of an experiment depends on energy resolu-
tion. Thus, it should be possible to vary time
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scale by varying energy resolution. Pulsed neu-
trons and a chopper spectrometer can be used
to vary energy resolution by measuring the
dynamical structure factor S(Q,w) over a wide
range of scattering vector Q and energy trans-
fer w. Suitable integration yields the total
structure factor S(Q) and the pair distribution
function (PDF). By combining the energy re-
solved scattering and the PDF technique, it is
possible to resolve the structure over a wide
range of length and time scales.

Preliminary measurements have been made
using the MARI spectrometer at ISIS. The
available Q resolution is insufficient, and it is
impossible to obtain adequate beam time for
the required development, especially for U.S.
scientists who have no priority at this Euro-
pean-Japanese facility. The proposed Phase II
development of the PHAROS spectrometer at
LANSCE will yield a machine with Q-resolu-
tion superior to that at MARI, which would
access the range of (Q,w) required for these
experiments. The proposed PHAROS upgrade
will make LANSCE the primary facility in the
world for this kind of measurement. The
method could also be focused on understanding
phase transitions in Pu.

In addition, a technique yet to be developed
needs high-intensity neutron fluxes to obtain
short- and intermediate-range structural in-
formation for complex materials. The method
would solve local arrangements of atoms in
disordered materials, such as glasses and liquids,
or in materials with a disordered component to
the structure, such as Pu approaching a phase
transition or shocked quartz. The technique
requires measurement of PDFs from neutron
powder diffraction patterns. The development
of this technique owes much to work that has
been done at LANSCE. This method has al-
ready been applied successfully to perovskite
structures, including high-temperature super-
conductors. Because structure determines
physical properties, the method is a possible
technique to guide the synthesis of novel ma-
terials, as well to understand the nature of ex-
isting ones. The method might also yield in-
formation about the energetics of defects, the
mechanism driving martensitic shape memory
alloys, and optimal structures in high-
temperature superconductors. This method
uses high fluxes and high resolution.

Fine-Scale Textures in Complex Electronic
and Other Materials. A class of materials of
current importance are soft-condensed-matter
and complex-electronic materials. Properties
of interest include electronic, optical, and
magnetic ones. These properties are con-
trolled by intrinsic inhomogeneities or tex-
tures on multiple and hierarchical space and
time scales. These textures are in the meso-
scopic domain between the microscopic and
macroscopic scales; quantities of interest are
magnetic domains, grain size, and so forth.
Intrinsic fine-scale textures refer to precursor
structures, superlattices, polaronic distortions,
and so on, which are the result of intrinsically
coupled, and often competing, microscopic
interactions, such as spin, charge, and lattice.

Examples of the types of condensed matter
whose mesoscopic structures are important to
their physical properties include plutonium’s
aging and microstructural response to external
perturbations, perovskite ferroelectrics, high-
temperature superconductors, colossal magne-
toresistance materials, shape-memory alloys,
self-assembling polymers, and macromolecular
heterostructures. Neutron scattering data from
spallation neutron sources at ISIS are revolu-
tionizing local-structure information in high-
temperature superconductors. PDF analysis
and energy resolved PDF analysis need to be
enhanced to become major new tools to de-
termine mesoscopic structures of the types of
materials mentioned. Accelerator-based pulsed
neutron sources are an essential element in
understanding and controlling the structures of
such materials, which in turn tunes their
physical properties.

Industrial Research: Catalysts and Hydroge-
nous Materials. E. I. Dupont researchers have
used neutron powder diffraction to refine crys-
tal structures of new phases of aluminum fluo-
ride to find alternatives to chlorofluorocarbon
catalysts. Detailed atomic structures are
needed to develop explanations for why such
compounds react chemically as they do. These
crystal structures were obtained using both
neutron and x-ray powder data on microcrys-
talline powders. Neutron scattering is sensitive
to low-Z elements, such as H, C, and O, and x-
rays are especially sensitive to high-Z ele-
ments. Similar experiments are performed on
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polymers and high-temperature oxide super-
conductors for the same reason, namely, to
obtain scientific understanding of materials for
developing possible new products.

Future efforts are expected to focus on het-
erogeneous catalysts under real operating con-
ditions, 2000 psi (13 MPa) and 350˚C. To run
a successful catalyst program, DuPont needs a
user facility that can accommodate a large
quantity of chemical apparatus and safe oper-
ating procedures to handle potential chemical
hazards under real operating conditions. In
addition, prompt-gamma and inelastic neutron
scattering also hold promise for studies of
catalysts. If DuPont is to find LANSCE useful,
single-crystal structural studies will need to be
more routine and will need to handle smaller
crystals, and high fluxes and more efficient
detectors are needed. Because of DuPont’s
emphasis on its core polymer business, studies
of polymer systems, especially those designed
to complement synchrotron x-ray studies, will
benefit from neutron investigations. Dupont
would like a capability to convert automati-
cally neutron scattering powder diffraction
data into PDFs. Neutron tomography is a pos-
sible new area in which to investigate manu-
factured products for defects.

In his presentation, R. L. Harlow of Dupont
spoke about Department of Energy (DOE)
user facility/industrial interactions. His talk
was entitled “Let’s Get Real.” To this ob-
server, his presentation was motivated by the
statements made the previous day by M. R. C.
Greenwood of the Office of Science and Tech-
nology Policy and a question to people from
industry, namely, “who should pay for the
scattering experiments they want?”

M. R. C. Greenwood said that large companies
should be requesting support of the U.S. gov-
ernment for an enhanced neutron scattering
facility at LANSCE, rather than Los Alamos
National Laboratory requesting support as it is
currently done. Harlow said that if Dupont
were asked to speak for a neutron facility,
their first question might be “what’s a neu-
tron?” Rather than playing the role of
spokesperson, DuPont as a company would
probably get out of neutron scattering experi-
ments had they not signed formal agreements
to perform experiments at DOE facilities for

some length of time. He described a downward
spiral at Dupont, essentially aimed at increased
profitability in the short term, which includes
a large decline in “basic research,” namely,
efforts aimed at understanding materials as a
basis on which to develop new products; re-
lease of chemical engineers (the company
“motto” is “better living through chemistry”);
retirements, layoffs, and moves to academia
or national laboratories by skilled researchers;
few jobs for new graduates; and the possibility
that all research might be contracted out of
DuPont.

Harlow’s view of DOE user facilities is that
DOE is hostile to industrial users and that
DOE facilities are too inefficiently operated
to be really useful to an industrial user. He said
that the only beam lines operated efficiently
are those operated by companies. He was say-
ing that DuPont has essentially no interest in
doing neutron scattering experiments, and
when Harlow does do them, DOE facilities
make it difficult for him.

With respect to payment, Harlow said that
DuPont has already invested 2-million dollars
in beam lines and has yet to receive scattering
results for this money. If he asked his com-
pany for more money for occasional explora-
tory research, his request would be turned
down. He said he needs ready and quick access
to scattering facilities to perform preliminary
exploratory investigations on materials to de-
termine their viability for potential applica-
tions. Because of what DuPont and Harlow
have already contributed in money and effort,
he does not think he should pay for access for
occasional exploratory research.

Harlow was one of a few representatives from
industrial laboratories at the meeting. His re-
marks are similar to what I have been told by
researchers from other major industrial labora-
tories. His statements are also consistent with
the impressions that other conference ex-
pressed in the corridor after his presentation.

Hydrogenous Earth Materials. Water was es-
sential for the origin of life on Earth, and for
volcanic, tectonic, and erosional processes
that have shaped the Earth’s surface and inte-
rior. To understand the role of water and hy-
drogen in the evolution of the Earth, it is nec-
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essary to know how mineral phases retain hy-
drogen under varying environmental condi-
tions from ambient to high pressures and tem-
peratures. Neutron scattering is necessary to
investigate hydrogenous and aqueous mineral
phases and their stability at high pressures and
temperatures because neutrons are sensitive to
scattering by H and O atoms. The fundamental
issues in earth science require the same capa-
bility to subject hydrogenous minerals to high
pressures and temperatures at a high-intensity
neutron source as Pu.

Pulsed Neutron Measurements of Magnetic
Excitations. Magnetic spin interactions can be
studied using pulsed time-of-flight spectros-
copy. The method is especially suited to one-
dimensional magnets in which the chain axis is
aligned parallel to the direction of incident
neutrons. The application of this method to
KCuF3 has provided detailed information on
the dynamical correlation functions of the
underlying model system and supports the
theoretical picture of “spinon” excitations.
These experiments were performed at the
MARI chopper spectrometer at the ISIS pulsed
neutron source in the UK. Similar experiments
could be done at LANSCE with the appropri-
ate spectrometer.

Unique magnetic scattering experiments could
be produced at LANSCE by coupling the high
magnetic fields available at Los Alamos to a
pulsed high-intensity neutron source. That is,
a pulsed magnetic field could be synchronized
to the neutron pulse. Using magnetic fields up
to 20 to 30 Tesla would alter magnetic and
electronic structures, which could be probed
uniquely with pulsed neutrons to characterize
potentially new classes of materials.

An even more novel experiment would be to
do neutron scattering off a sample both at
high pressure and in a pulsed high-magnetic
field. Both pressure and magnetic field change
electronic and magnetic structures. Investi-
gating the effects of both would be scientifi-
cally exciting.

Magnetism in Metallic Superlattices and
Magnetic Correlations in Disordered Magnetic
Systems. A significant fraction of the world-
wide magnetism research community is cur-
rently involved in the study of metallic super-

lattices. Neutron scattering is uniquely suited
to probe magnetic interactions because of the
magnetic moment of the neutron. Magnetic
superlattices comprise alternating layers of a
magnetic element and a nonmagnetic spacer
layer. Phenomena under study include a giant
magnetoresistance, interlayer exchange cou-
pling, and strain and magnetoelastic effects on
phase transitions. The question of a phase-
coherent coupling of the spins in the magnetic
layers across the magnetically “dead” layers
has been a particularly intriguing part of these
investigations. The neutron scattering tech-
niques of reflectometry and wide-angle elastic
diffraction are important for understanding
magnetic interactions in superlattice systems.
Superlattice perfection, interface roughness,
magnetic moment distribution, and so on are
probed by neutron reflectivity. Wide-angle
elastic diffraction provides information on
coherence effects and incommensurate mag-
netic structures.

Improvements in wide-angle elastic scattering
from magnetic multilayers would be useful.
Multilayer film samples are essentially high-
quality single crystals but with small volumes.
For example, typical thicknesses range from
less than 400 A up to 5000 A. Perhaps, im-
provements might be made with better instru-
mentation and increases in detection area.

Intense interest has been generated recently in
nanostructural materials in which there are
short length scales (~100 A) of chemically and
magnetically ordered structures embedded in a
uniform matrix. Magnetic ordering can be
studied by small-angle neutron scattering,
which can lead to determining the length scale
of the magnetic order and whether or not the
spin ordering is static or dynamic. The instru-
ment to study nanostructured magnetic sys-
tems requires a relatively wide Q-range and
high intensity for the small particles. The
wavelength dispersion and time structure of a
pulsed source should enhance the scattering
from magnetic nanoparticles.

Development of methods to investigate small
nanostructural powders would also mean that
smaller Pu samples could be studied at higher
pressures. That is, increasing pressure requires
decreasing sample size.
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Workshop on Defense, Basic, and Industrial Research at the
Los Alamos Neutron Science Center

Los Alamos National Laboratory   J. Robert Oppenheimer Study Center
Rooms 216 and 218     February 12-15, 1995

Sunday Evening, February 12

6:00–8:00 pm Reception and Registration at the Bradbury Science Museum

Monday, February 13

8:00 J. C. Browne, Director Registration, Welcome, Introductions, and Logistics
LANSCE and Energy Research Programs
Los Alamos National Laboratory

8:30 M. R. C. Greenwood, Associate Director Science Policy in Changing Times
Office of Science and Technology Policy

9:05 V. Reis, Assistant Secretary Strategic Vision for DOE Defense Programs
Defense Programs, DOE

9:40 I. Thomas, Acting Associate Director Plans for Future Neutron Facilities Within the
Basic Energy Sciences, DOE Office of Energy Research
Office of Energy Research, DOE

10:15 Break

10:30 S. S. Hecker,  Director Los Alamos National Laboratory Strategic Directions
Los Alamos National Laboratory

11:05 J. Immele, Director Science-Based Stockpile Stewardship
Nuclear Weapons Technology Programs at Los Alamos National Laboratory
Los Alamos National Laboratory

11:15 J. C. Browne, Director Science-Based Stockpile Stewardship
LANSCE and Energy Research Programs at LANSCE
Los Alamos National Laboratory

11:30 R. Fortner, Associate Director Why Does Livermore Need LANSCE?
Physics and Space Technology
Lawrence Livermore National Laboratory

11:45 D. Hayes, Director Lab Interdependencies and the Advanced Design and
Defense Programs Capabilities Production Technologies (ADaPT) Initiative
Sandia National Laboratories

12:00 Panel Discussion and Audience Questions
Theme:  "Working Together"

Chair, R. Pynn, Deputy Director
LANSCE & Energy Research Programs
Los Alamos National Laboratory

Panel Members:
Greenwood, Reis, Thomas, Hecker,
Immele, Browne, Fortner, and Hayes

12:45 Lunch



2:15 A. K. Cheetham, Director Neutron Scattering in Materials Research
Materials Research Laboratory
UC, Santa Barbara

2:50 G. Aeppli Condensed Matter Research with Neutrons
AT&T Bell Labs

3:25 Break

3:40 S. Freedman Fundamental Physics with Neutrons
Dept. of Physics
UC Berkeley

4:15 F. Dietrich Nuclear Reaction Modeling, Verification Experiments
Physics and Space Technology and Applications
Lawrence Livermore National Laboratory

7:30–9:00 Report from Defense Science Breakout Session
TA-3, SM-43, Room D356 (Weapons Meeting Room)
(Q-clearance required)

Tuesday, February 14

8:30 R. Pynn, Deputy Director Existing & Planned Neutron Capabilities
LANSCE & Energy Research Programs at Los Alamos National Laboratory
Los Alamos National Laboratory

9:15 Breakout Sessions Start

10:00 Break

10:15 Breakout Sessions Continue

12:00 Lunch

1:00 Breakout Sessions Continue

3:00 Break

3:15 Breakout Sessions Continue

6:00 Dinner at La Fonda, Santa Fe

Wednesday, February 15

8:30 Breakout Sessions (including drafting of report)

10:00 Break

10:15 Breakout Sessions Continue

12:00 Lunch

1:00 Reports from each of the Breakout Groups

3:00 Break

3:15 Wrap-Up Discussions



Breakout Sessions:

• MATERIALS SCIENCE AND ENGINEERING
  Chair, T. M. Holden, AECL Chalk River Laboratories

• COMPLEX FLUIDS, POLYMERS, AND BIOSCIENCES
  Chair, D. Schaefer, Sandia National Laboratories

• FUNDAMENTAL PHYSICS WITH NEUTRONS
  Chair, G. Greene, National Institute of Standards and Technology

• APPLIED NUCLEAR PHYSICS
  Chair, D. Strottman, Los Alamos National Laboratory

• CONDENSED MATTER PHYSICS AND CHEMISTRY
  Chair, W. Nellis, Lawrence Livermore National Laboratory
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Computer Simulation of Radiation Effects in Materials

R. Devanathan, K.E. Sickafus, and M. Nastasi, Los Alamos National Laboratory

Abstract

Computer simulation can play a valuable role
in improving our understanding of radiation
damage processes in materials. The small time
and distance scales, and the extremes of
temperature and pressure that characterize the
evolution of radiation damage make computer
simulation an ideal tool for studying these
processes. In addition, simulations enable us to
isolate various defects and study their
individual effects. The techniques commonly
used to simulate radiation damage are Monte

Carlo, deterministic binary collision
approximations, and molecular dynamics. The
applicability of these techniques to a particular
problem depends on factors such as the nature
of the problem and the energy range of
interest. The computer requirements,
advantages, and drawbacks of these techniques
will be discussed.

This research was sponsored by the U.S.
Department of Energy, Office of Basic Energy
Sciences, Department of Materials Sciences.



Characterization of Explosive Compacts

P. M. Howe, Los Alamos National Laboratory

Objectives

Composites of high explosives (HEs) and
binders have structural aspects that reflect on
the performance characteristics of the
material. Important among these is HE
particle size distribution, void size distribution
in the HE, and the distribution of crack
dimension between the binder and HE
particles. The objective is to use neutron
scattering techniques to measure each of these
distributions in pristine HE composites and
composites subjected to different process-
related and accident-scenar-io-related
procedures. This information will be used to
provide parameters for simulations predicting
the performance of the materials.
Measurements on material performance would
then provide essential information to validate
and benchmark the simulations. The two
principal advantages of using low-angle
neutron scattering over other techniques are
that it:

• is nonintrusive: no sample preparation is
required, which is especially important for
damaged explosives

• allows in-depth measurement, and
eliminates surface preparation artifacts

Background

Numerous material parameters affect the
response of an explosive to shock, impact,
and thermal loading of the sort encountered in
a variety of accident scenarios. In particular,
the particle size distribution, the total
porosity, and the pore size distribution are
extremely influential in altering the sensitivity
of explosives to shock loading. Small amounts
of porosity significantly lower the pressure
threshold required to initiate detonation. Shifts
in the pore size distribution in an explosive
markedly change the explosive response to
shock and impact stimuli. Shifts in the particle
size distribution or shifts in the crack size
distribution can also have dramatic effects.

Generally, the larger the pores, the lower the
ignition threshold, and the more sensitive the

charge becomes to impact and shock stimuli.
While the presence of large pores lowers the
ignition threshold, the presence of small pores
accelerates burning and reduces the time to
transit to detonation. Similarly, cracking and
fragmentation of grains provides for
accelerated burning. Generally, small particle
sizes lead to more rapid transits to detonation.
Similarly, cracking or fragmentation of
particles accelerates burning.

Attempts to model the effects of these changes
have been largely empirical. However, with the
recent development of discrete element
methods and other computational tools, we are
attempting to model the phenomenology using
the above as explicit input parameters.

In typical high-quality explosives used in
nuclear weapons, the total porosity is reduced
to a percent or less, and most of the very large
voids are eliminated. Thus, in explosives
designed for nuclear weapon use, the maximum
pore size might be of the order of several
microns, with the mean pore size being a small
fraction of a micron. For explosives for
conventional munitions, the mean and
maximum pore size may be much larger.

In modern plastic bonded explosives (PBXs), a
small amount of binder is included. Because the
binder differs in shock impedance and in
mechanical properties from the explosive,
binder inclusions act in ways similar to voids,
but less strongly. We are currently attempting
to model the shock and flow interactions
induced by binder inclusions. Currently, of
course, we estimate the geometry and size
distribution of the binder, as they are not
directly measurable by standard techniques.

The porosity is easily determined from density
measurements and knowing the theoretical
maximum density. Currently, there is no direct
way of accurately determining the pore size
distribution. Standard metallographic
techniques, such as cutting and polishing
samples, are adequate for measuring particle
size distributions, but are inadequate for
measuring pore size distributions because the



softness of the materials causes the surface
pores to be filled in polishing. Techniques such
as BET adsorption or mercury porosimetry
measure open pore sizes only. Open pores are
a small fraction of the total porosity in design
explosives.

The fragmentation of explosive grains as a
result of compaction can be measured by
various destructive means. For example, one
can use ultrasonics to disassemble the compact
and measure the fragment size directly.
However, it would be far more useful to know
the crack or fragment size distribution (and/or
explosive surface area) in explosive samples
which are then used in experiments. This
provides a direct experimental correlation
between the measured values and the explosive
response.

The intergranular surface area is an extremely
important parameter, as it strongly influences
the nature of the post-ignition-burning
reactions.

The following data are of immediate use:

• All our initiation models are based upon
surface (or grain burning) models of one
form or another. None of them explicitly
use real data for surface area, and thus
must be calibrated.

• We have developed a statistical crack
mechanics model that describes the
evolution of cracks with loading
conditions, and predicts strain localization,
fragmentation, heating, and ignition. As
an input, the initial crack size distribution
is required. We have no experimental data.

• We are using discrete element models and
other computational techniques to model
grain and binder interactions, frictional
heating, ignition, burning, etc. We need
experimental data against which to
benchmark and test these models.

Proposed Experiments and Level
of Effort

Characterization of Quasi-statically
Compacted He

We propose to press molding powders of PBX
9501, PBX 9502, and PBX 9404 to different
final densities, using the procedures established

for making weapons charges. Four different
final densities for each explosive composition
would be chosen, with five samples at each
density. Portions of the samples will be
ultrasonically disaggregated, and the resulting
particle size and distributions and surface area
measured directly for comparison with
LANSCE results. Portions will also be
subjected to burning rate measurements.

At LANSCE, each sample would be irradiated
to determine the pore size distribution at
density, the crack size distribution, the
intergranular surface area, and the particle size
distribution. Total porosity measurements will
be made using gravimetric techniques before
the LANSCE experiments.

The results will be used for direct comparison
with material modeling of explosives and for
comparison with reaction rate models.

Characterization of Damaged He

We propose to conduct five experiments with
heavily confined explosive samples of PBX
9501. These samples will be impacted with
flying plates at velocities below, but near, the
reaction threshold. At LANSCE, the pore size
distribution, crack size distribution, and
particle size distribution of the samples will be
measured as a function of velocity and as a
function of distance from the point of impact.
These data will be used to develop a spatial
map of the above variable, and will be used for
benchmarking models.

Characterization of Aged Materials

We have little data on the effects aging may
have upon explosives. Aging in materials can
be manifested in changes in the particle size
distribution, changes in the internal crack
distribution, changes in the binder bonding
characteristics, and in directional grain growth.
This latter effect may be especially important;
experiments have shown that uniaxial pressing
of explosives, as is done in a ram press, causes
anisotropy in the explosive that significantly
influences the detonation propagation
characteristics (and, hence, warhead
performance). We do not know yet how
important these effects are in aged explosives.
Each of the above effects is somewhat
amenable to investigation by various



techniques. However, neutron scattering will
provide information with respect to all of
them and, when combined with analysis, will
provide a very powerful means of assessing
aged explosives.

Required Resources

The methodologies that need to be developed
for this project are not new, but the
application to a materials science problem is
novel. Thus there is considerable development
involved. Further, the measurement of surface

areas and dimension distributions will require
developing computer codes and algorithms for
data analysis. In addition there will be a
requirement for designing and fabricating
specialized instrument components for
handling and mounting HE and HE
composites.

Beam Time: One week each year
Points of Contact:

LANSCE: Rex Hjelm 505-665-2372
NWT: Philip M. Howe 505-665-5332

Proposed Budget
Year 1 Year 2 Year 3

1.5 FTE TSM $360K $360K $360K
0.25 FTE Programmer $60K $10K $10K
0.15 FTE Technician $30K $30K $30K
Materials/Test Fixtures $60K $30K $25K

Total $510 $430K $425K



Neutron Resonance Radiography Applied to Explosives Problems

P. M. Howe, Los Alamos National Laboratory

Background

Two major problems, which have historically
been the bane of efforts in the explosives
research, are addressable by neutron resonance
radiography:

1. Qualitatively, it is known that
microstructural effects in explosives
strongly influence explosive sensitivity.
An example of such a microstructural
effect is hotspots in shock initiation.
Hotspots are caused by the interaction of
the shock wave with local density
discontinuities such as voids and cracks or
interfaces between explosive grains and
binder. The interaction leads to very
localized temperature excursions of
hundreds of degrees Celsius. In explosives
subjected to impact and deformation,
other microstructural effects appear.
Examples are shear cracking and shear
banding. One of the major problems we
face in the Explosives Technology
Program is to develop accurate
quantitative models which capture the
contributions of the microstructure to
explosives response. In particular, we need
to extend our capabilities to measure and
model the evolution of localized
temperature excursions. We then use these
results to describe their effect on the
evolution of explosive reactions. We have
a concerted experimental effort ongoing
to measure the strain fields and
temperature fields as a function of time in
explosives subjected to moderate and high
strain rates. These data will be used to
guide and benchmark our modeling
activities. All of our approaches employ
either point measurements (as with
thermocouples) or surface measurements
(as with thermal imaging devices). Each of
these techniques suffers from major
difficulties. The optical approaches all
have built in biases, and require
assumptions that are not easily validated
to generate quantitative measurements.
(Pyrometry and infrared imaging both
require assumptions about the emissivity as

a function of temperature and, in
explosives, there are always questions
about the location of the source radiation.)
Fast response thermocouples would be
ideal, but there are extreme experimental
difficulties associated with thermocouple
survival in materials undergoing high strain
rate deformation and even more severe
problems associated with their intrusive
nature.

 
2. We have a long history of measurements

of states achieved by shock loading
materials (and by the detonation of
explosives). Similarly, theoretical efforts
to construct valid equations of state
extend back over fifty years. State
variables amenable to direct measurement
are pressure, particle velocity, and shock
velocity. From these measurements and
initial state measurements, one can
construct an incomplete equation of state.
Direct (and accurate) measurements of
temperature would allow constructing a
complete equation of state. Conventional
approaches to direct temperature
measurement have been only partially
successful. Thermocouples perturb the
flow, usually have inadequate rise times for
shock investigations, and have
questionable calibrations. Pyrometry
techniques have problems with the validity
of underlying assumptions and with
identification of the exact measurement
region.

Approach

We plan to use neutron resonance radiography
to make accurate temperature measurements
in explosives under a variety of important
experimental conditions. In each case, the
approach involves use of a metallic dopant
which has a very strong neutron resonance
peak. The metallic compound is introduced in
trace amounts (typically in the parts per
million concentration) into the explosive in
the region of interest. Since all our
experiments involve explosives in reacting
configurations, the experiments will be used in



small amounts, consistent with safe and
prudent procedures. The resonance signal from
the dopant is then measured by special
detectors. The signal is then compared with a
calibration matrix obtained from separate
calibrations of signal shape versus
temperature. The temperature is inferred from
the Doppler broadening of the resonance
peak.

Shear and Friction Experiments

For shear and frictional heating experiments,
we will vapor deposit gold at the interface of
interest. The low concentrations required
permit its use without perturbing the material
behavior. The experiments are designed to
vary arbitrarily both applied pressure and
sliding velocity. For a given set of sliding
velocity and applied pressure, a series of
experiments will be conducted with differing
times of resonance sampling, so that
temperature histories are generated for each
velocity-pressure pair. Ten experiments per
pair are planned. Experiments would be
conducted with an explosive (PBX 9501) and
its mechanical stimulant. Ancillary diagnostics
include four color pyrometry and infrared
imaging, which permit calibration of these
latter diagnostics for further use in
experiments at other locations.

Beam time: Two weeks, split into two-day
segments.

Equations-of-State Experiments

Small cylinders of explosive will be detonated.
The explosive of choice will have a small
failure diameter (probably PBX 9501), so that
steady propagating detonations can be
obtained with confined charge diameters of
less than a centimeter. The explosive will be
doped with gold, which has a strong nuclear
resonance signal. Consideration will be given
to localizing the dopant to the center core of
the explosive. This improves spatial
resolution and eliminates wall effects. The
explosive will be detonated and irradiated after
passage of the detonation wave. Timing will be
adjusted to permit sampling of the flow after
detonation, but before the intrusion of strong
rarefactions. Three different experimental
configurations will be designed to provide
temperature measurements in explosive

products at markedly different P-V-T states.
The results will be compared with theoretical
predictions.

Beam time: Two weeks

Multiple Temperature States

Porous materials subjected to rapid
compression or shock loading develop
multiple temperature states which slowly
equilibrate. Measurement of the peak
temperatures and the rate of equilibration is of
strong theoretical and practical interest. This
effort is designed to explore the possibility of
making accurate measurements of both
effects. Experiments will use porous compacts
of differing particle size distributions. Initially,
inert materials will be used. The porous
compacts will be subjected to weak shock
loading to generate significant temperature
rises in both the matrix and at the sites of
collapsing pores. At issue is whether or not
sufficient resolution of the signal can be
obtained in single burst experiments to permit
accurate temperature definition. (Temperature
assignment relies upon measurement of the
peak width and shape. For materials with
multiple temperatures, the peaks of differing
shapes are superposed and must be
deconvolved. As thermal equilibration occurs,
the peaks will meld together. Accurate
assignment of temperatures probably requires a
discrete temperature distribution, i.e., one
material fraction at one temperature, a second
material at another temperature, with very
little material at intermediate temperatures.
As thermal equilibration occurs, the
temperature gradients will become less steep
and more and more material will be in
intermediate states. This will cause signal
blurring and melding, and aggravate difficulties
in analysis.) The possibility of using two
dopants will be considered; one which pervades
the solid material, the other as a coating of
the particles. Thus, the coating will see
predominately the temperatures associated
with hotspots, the bulk dopant will see
predominately temperatures of the bulk. A
series of fifteen exploratory experiments using
inerts is planned. Five experiments using
porous explosive compacts are planned.

Beam time: Two weeks, split into two-day
segments.



Calibration of Conventional Techniques

The use of neutron radiography for
temperature measurements has major
advantages over other techniques available to
the explosives research community. However,
it has the disadvantages of low availability of
beam time and lack of flexibility for
explosives experiments. Thus, we need to
continue the development and application of
other temperature measurement techniques for

use at our regular experimental sites. However,
the neutron resonance radiography technique
can significantly enhance these other methods
by providing accurate and precise calibrations.
We thus plan a series of ten experiments (two
different experimental configurations, five
temperature states each) to calibrate our
multicolor pyrometry and infrared imaging
systems.

Beam time: One week, in two-day segments.

Proposed Budget

Required Resources ($K) Year 1 Year 2 Year 3 Year 4
LANSCE

1 FTE TSM 240 240 240 240
1 Postdoc 60 60 60 60
Beam Time as above

NWT
1 FTE TSM 240 240 240 240
1 FTE Technician 200 200 200 200
Materials/Fixtures. 100 75 50 50
Computer Support 25 25 25 25
Programming Support 30 30 30 30
Total 895 870 845 845



Characterization of Stockpile Materials at LANSCE

L. R. Newkirk, Lawrence Livermore National Laboratory

The Livermore program for stockpile
materials characterization to be executed at
LANSCE currently has three major
components: residual stresses in welds, bonds,
and joints; texture development in new
fabrication processes; and analysis and
prediction of sensitivity in high explosives.
Execution of these projects relies on the
application of neutron diffraction, inelastic
neutron scattering, and small-angle scattering.

Residual Stresses

We have considered three problems of interest
in stockpile stewardship, two of which are
very specific and the third more generic. The
application of neutron diffraction to these
problems takes advantage of the penetration
of neutrons to measure bulk properties. The
first of these, and the one we will begin
addressing with experiments this summer, is
the measurement of stress in silver interlayer
bonds. It has been established that the aging
behavior of these bonds is strongly influenced
by the stress in the bond. However, the stress
in this unusual geometry must be calculated by
finite element methods with no direct
experimental confirmation or validation. The
initial measurements will be carried out on a
surrogate system utilizing a silver alloy braze
of comparable thickness to the diffusion bond,
or possibly an actual diffusion bond, joining
two pieces of maraging steel. These
measurements will establish the feasibility of
extracting the required strain data from the
small volume of the bond. The other two areas
of interest, which will not be undertaken
immediately, are the characterization of strain
in a beryllium joint and the more generic issue
of providing experimental data to improve

modeling of residual strain in a variety of
welds.

Texture

We plan to use the neutron diffraction
equivalent of an x-ray pole figure to obtain
bulk measurements of crystallographic
texturing in uranium alloys during fabrication
by spin-forming. This will complement an
ongoing effort to develop constitutive data for
this system at large strains to enable improved
finite element modeling of the fabrication
process. While similar data could be obtained
from either x-rays or backscattered electrons
(Kikuchi pattern), such measurements would
be extremely surface sensitive. Extremely
tedious and careful metallographic preparation
would have to be carried out repeatedly to
avoid being misled.

High-Explosive Sensitivity

Our initial focus in addressing high-explosive
sensitivity will be the use of inelastic neutron
scattering to characterize the phonon spectra
in high explosives. We have evidence from
extensive molecular dynamic calculations
suggesting a strong correlation between the
experimentally measured sensitivity using the
drop-hammer technique and the efficiency of
phonon to vibron up-conversion at specific
wave numbers. It is important that we
experimentally examine this mechanism to
understand and validate its importance.
Although this is only one aspect of explosive
sensitivity, it will permit us to better predict
explosive behavior as well as enhance our
ability to search for new insensitive high
explosives.
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Experimental Measurements Supporting the Advanced Fission
Model

J. B. Becker and E. A. Henry, Lawrence Livermore National Laboratory
R. Nelson and S. Wender, Los Alamos National Laboratory

The Advanced Fission Model proposed by D.
Madland requires detailed measurement of

•  the cross section for fission as a function
of incident neutron energy

•  detailed mapping of the fission products,
including
a) the isotopic identification of the

fragments
b) energy spectrum of emitted neutrons

N(E)dE
n

c) kinetic energy of fragments Ex(f)

The combination of LANSCE and a large-scale
detector array facilitates measurements of all
these quantities excluding the fragment kinetic
energies; these can, however, be estimated if
the detector array also has the capability of
neutron measurement. A multidetector array
with large resolving power for gamma-ray
detection is the key component because
mapping the Z,A and excitation of each
fission fragment requires coincidence of
gamma-ray measurements of the correlated
fragment pairs.

LANSCE offers the required white neutron
source but does not have a large-scale array for
gamma-ray, x-ray, and neutron detection. A
new array could be constructed at a cost of 2-
to 3-million dollars over 2 years. Efforts are

being made to bring a large-scale gamma-ray
array (HERA) to LANSCE. HERA is available
because the GAMMASPHERE project has
been developed at the Lawrence Berkeley
National Laboratory (LBNL) 88-Inch
Cyclotron. HERA is one of three large-scale
arrays in the U.S. A proposal has been made to
LBNL/DOE (Energy Research) to site HERA
at LANSCE. All detectors, electronics, and a
data acquisition computer was included in the
request. Funding was not included in that
proposal. It is approximately a 4 FTE × 4-
month job to have HERA operational on an
existing site with utilities at LANSCE and
WNR.

Gamma-ray spectroscopy is fundamental to
experimental neutron science. The white
source of LANSCE coupled with a large-scale
gamma-ray detector array is a unique powerful
combination for neutron science. This
combination is the preferred tool to meet
many nuclear data requirements, including the
Advanced Fission Model, (n,xn) cross sections
on 239Pu and other elements mentioned in this
session, and data requirements we have not yet
anticipated. Finally, this combination impacts
all neutron science and ensures a leadership
role for the Los Alamos Neutron Science
Center.



Advanced Post-Scission Fission Model

D. G. Madland, Los Alamos National Laboratory

The neutrons coming from the de-excitation
of fission fragments constitute the major
portion of the neutron spectrum of any
modern nuclear reactor system. These
neutrons burn the reactor fuel. They are
emitted in competition with gamma rays from
the de-excitation of the two fission fragments
occurring in binary fission (approximately 1 in
400 fissions is ternary). The kinetic energies
of the two fission fragments make up the
major portion of the energy release in fission
and therefore the major portion of the
thermal energy in the reactor. The fission-
fragment yields, the neutrons and gamma rays
(multiplicities and spectra) coming from
fission-fragment de-excitation, and the
fission-fragment kinetic energies are examples
of post-scission fission observables, that is,
physical observables appearing after the
snapping of the neck between the two nascent
fission fragments making up the compound
fissioning nucleus.

Almost all of the post-scission fission
observables are, in fact, distributions: for
example,

•  approximately 500 fission fragment
species occur

•  neutron and gamma-ray multiplicities
change with fission-fragment species

•  fission-fragment kinetic energies change
with fragment mass

•  prompt fission neutron spectra change
with incident neutron energy

However, many of the present reactor design
codes contain only average values for these
distributions, for example, the average total
fission-fragment kinetic energy, the average
prompt fission neutron multiplicity (as a
function of the energy of the neutron inducing
fission), average fission fragments and their
corresponding neutron cross sections, and an
average prompt fission neutron spectrum. The

essence of the Advanced Fission Model is to
replace average values of post-scission
observables by the distributions of these
observables together with their correlations.

The Advanced Post-Scission Fission Model
can be constructed in the following steps:

1. Use experimental fission-fragment mass
and charge distributions when they exist
and otherwise multiple-Gaussian (5 or 7)
and Gaussian approximations,
respectively. This will involve physically-
based parameterizations of the Gaussian
approximations.

 
2. Use experimental fission-fragment

kinetic-energy distributions when they
exist and otherwise multiple-Gaussian
(perhaps 2 or 3) approximations with
physically-based parameterizations.

 
3. Install a Hauser-Feshbach statistical-model

code in a driver that loops over the
fission-fragment mass, charge, and kinetic-
energy distributions for, say, a given
incident neutron energy and performs the
appropriate summations for the specific
observables desired.

 
4. Determine a global neutron optical model

potential with a physically realistic
dependence (fission-fragment nuclei have
relatively large isospin and are sufficiently
far from the β-stable line that few elastic
neutron scattering data exist) for use in
the Hauser-Feshbach code.

Within this framework essentially all of the
post-scission fission observables can be
calculated as functions of the fission-fragment
yield and/or fission-fragment kinetic energy
and/or incident neutron energy and/or integrals
over these quantities.



Reaction Theory Calculations to 200 MeV for Applications*

P. G. Young, Los Alamos National Laboratory
M. B. Chadwick, Lawrence Livermore National Laboratory

Summary

The possibilities of several new technologies
based on the use of intense, medium-energy
proton accelerators are being investigated at
Los Alamos National Laboratory (LANL).
The potential new areas include destruction of
long-lived components of nuclear waste,
plutonium burning, energy production, and
production of tritium. The design, assessment,
and safety analysis of potential facilities
involves the understanding of complex
combinations of nuclear processes, which in
turn places new requirements on nuclear data
that transcend the traditional needs of the
fission and fusion reactor communities.
Additionally, other areas of technology such
as neutron and proton therapy applications,
which are being developed at Lawrence
Livermore National Laboratory (LLNL), are
also placing new requirements on nuclear data.

The LAHET Code System (LCS) has been
developed at Los Alamos to perform
comprehensive neutronics and radiation
analyses of nuclear systems that involve
particle energies greater than 20 MeV, which
is currently the energy limit for neutron
reactions in the U.S. national nuclear data
system, ENDF/B. At
present, an intranuclear cascade plus
evaporation model is used in the LAHET code
to calculate nuclear data for all neutron
interactions occurring at energies greater than
20 MeV, and for charged-particle reactions at
all energies down to a lower energy cutoff. Use
of the intranuclear cascade model at energies
below ~150 MeV is known to be
inappropriate, particularly for lighter
elements, and this procedure is followed
primarily because of the unavailability of
reliable evaluated libraries at energies above 20
MeV. A collaborative effort involving
personnel from N-Division at LLNL and X-
and T-Divisions at LANL is planned to
improve the nuclear physics information,

particle transport capability, and overall
reliability of the nuclear analysis code system
at Los Alamos.
In this paper, the importance of developing
neutron and proton cross section libraries in
the incident particle energy range of 20 MeV
to approximately 200 MeV for transport
applications is discussed, and new theoretical
methods for developing cross section libraries
at higher neutron and proton energies are
summarized. We have made a number of
modifications to the nuclear model code
GNASH in order to improve the accuracy of
calculations at incident particle energies up to
200 MeV. Most important among the changes
is the adaptation of the code to permit its use
in conjunction with quantum mechanical
preequilibrium calculations, the so called FKK-
GNASH version of the code. We have also
incorporated a model for calculating multiple
preequilibrium effects, that is, we permit
particle-hole states formed after the first
preequilibrium particle is emitted to further
decay by “multiple preequilibrium” emission.
Additionally, we have incorporated models for
estimating spin distributions of preequilibrium
contributions using angular momentum
distributions based on the exciton model, and
for improving the excitation energy
dependence of the particle-hole state densities
used in the exciton model calculations.

In this presentation, we illustrate the
significance of the model improvements and
include comparisons of calculations with
experimental data for several target materials
that are important in applications. In
particular, we show results for calculations
with both GNASH and FKK-GNASH of (p,xn)
and (p,xp) reactions for 160-MeV protons on
90Zr and 208Pb, allowing a comparison of
semiclassical and quantum descriptions of
preequilibrium emission for high energies. We
illustrate how the code system can be most
effectively utilized for higher energy analyses.
We also investigate angular momentum effects



in our equilibrium and preequilibrium modeling
by analyzing phenomena sensitive to spin
distributions: high-resolution measurements of
(n,xnγ) discrete gamma-ray production for
incident neutron energies to 200 MeV. Finally,

we describe how such measurements can be
combined with theoretical calculations to
obtain (n,xn) cross section information needed
for defense and other applications that is
otherwise sparse or unavailable.
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Fine-Scale Texture in Complex Electronic Materials

A. Bishop, Los Alamos National Laboratory

We are faced with a new paradigm in modern
condensed matter science (soft-condensed
matter, complex-electronic materials).
Namely, how is the macroscopic functionality
(electronic, optical, magnetic, strength)
controlled by intrinsic inhomogeneities—
“texture” on multiple and hierarchical fine
scales (in space and time).

This is the “mesoscopic” domain between
microscopic and macroscopic descriptions and
is beyond traditional materials science
descriptions of texture scales (domains, grains,
etc.). Intrinsic fine-scale texture refers to
precursor structures, long-period (superlattice)
order, polaronic distortions, etc. that are the
result of intrinsically coupled (and often
competing microscopic interactions—spin,
charge, and lattice. Relevant classes of
materials include: perovskite ferroelectrics,
high Tc superconductors, mixed-valence
colossal magnetoresistance materials;
Martensitic, elastic, and shape-memory alloys
(including plutonium, its aging and
microstructural response to external
perturbations); self-assembling polymers and
macromolecular heterostructures; etc.

To probe the coupled electronic and structural
aspects of the fine-scale structure on the
appropriate multiple space- and time-scales
requires new resolutions and combinations of
experiments—neutron, x-rays, XAFS, NMR,
ion-channeling, etc. The very recent time-of-
flight data now emerging from spallation
neutron sources (in the case of “phonons,”
from ISIS—MARI) have already
revolutionized the local structural information
in high-Tc superconductors. Pair-distribution-
function analysis, and energy-resolved pair-
distribution-function analysis (not simply in
liquids but complex unit cell solids) are set to
become major new tools for the suite of
experimental techniques we need to
assemble—not just for high Tc
superconductors, but all of the classes of
material mentioned above.

The notion of “synthesis/processing-structure-
property” relationships has key underpinning
science issues that we now have the
opportunity (and need to address).
Accelerator-based neutrons are an essential
element of understanding and controlling this
science.



Direct Observation of Short-Range Order in Complex Materials

S. J. L. Billinge, Michigan State University

Neutron diffraction has been immensely
successful at solving the crystal structures of
materials. However, the problem of solving
the local arrangements of atoms in disordered
materials, or in materials with a disordered
component to the structure, has proven to be
much more difficult. A variety of techniques,
such as nuclear magnetic resonance, x-ray
absorption fine structure analysis, and
Mössbauer spectroscopy, now are available for
studying this problem.

In this talk, I described the use of neutron
powder diffraction data to obtain short and
intermediate range, structural information
from complex materials. The technique is
called pair distribution function (PDF) analysis
and relies on the fact that the real-space
atom-pair correlation function, which
describes the internal arrangement of atoms in
a solid, is the direct Fourier transform of the
experimentally recovered diffraction pattern
from a powder sample. Thus, by carefully
collecting powder diffraction data over a wide
range of Q (Q is the magnitude of the
scattering vector), making suitable corrections
to the data, and then Fourier transforming it,
it is now possible to obtain highly accurate
PDFs from real materials.

This type of analysis is clearly important in
understanding the fundamental properties of
complex materials since it yields,
quantitatively, local structure parameters
which can dictate the properties of the
material. I foresee that close collaborations
will develop among computational physicists
and chemists and people involved in these
measurements who attempt not only to model
the local structures but to understand their
origin (electron-lattice interactions for
example) and their impact on the properties
of materials. Such an understanding can also
lead to improved materials design and
synthesis. In addition, because the atomic
structure can be probed as a function of length

in the material, the possibility exists of
crossing over into the realm of microstructure
and studying domain structures and extended
defects such as interfaces from the local
structure point of view. This could yield
information, for example, about the energetics
of these defects due to local strains, or, for
example, help to elucidate the microscopic
origin of precursor microstructures such as
tweed, which is seen in a number of
technologically interesting materials such as
martensitic shape-memory alloys and high-
temperature superconductors.

The success of these measurements depends in
large part on the availability of large fluxes of
high-energy neutrons. Time-of-flight
measurements made at spallation sources are
the ideal method of collecting data, yielding
high quality data in a relatively short time
over wide regions of Q-space. Successful
measurements have already been made at
LANSCE (using the HIPD diffractometer) and
at IPNS (using SEPD). HIPD has the
advantage of a large flux which allows data to
be collected with good precision in a relatively
short time period; on the other hand, SEPD
yields data with better resolution, yet still with
adequate flux. Right now the capability of the
technique is being developed. Within a few
years, we expect that the technique will be
ready to be applied to a large number of
problems in the physics, chemistry, and
materials science of complex materials.

The continued availability of powder
diffractometers like SEPD and HIPD, and the
development of new instruments such as
GLAD (at Argonne) and other powder
diffractometers optimized for this kind of
measurement, will be very important for the
success of this endeavor. It should be noted
that the existing powder diffractometers at
pulsed sources are already oversubscribed and
the expanded demand for their use will put
severe pressure on the system.



Resolving Local Structures on Different Time-Scales Using
Neutron Powder Diffraction

S. J. L. Billinge, Michigan State University

In a kinematical scattering experiment such as
neutron diffraction, the time-scale of the
experiment depends on the energy resolution
of the measurement. Thus, in principle, it is
possible to vary the time-scale on which you
probe the structure by systematically varying
the energy resolution. This is possible using
pulsed neutrons by explicitly measuring the
dynamical structure factor, S(Q,w), over a wide
range of Q and w (where Q is the magnitude of
the scattering vector and hw is the energy
transfer) and integrating over w in a controlled
way, as we describe below. This capability is
important when studying phenomena such as
phase transitions, the glass transition, and any
dynamical property of the lattice where the
structure you see depends on how fast you
probe the lattice.

Using pulsed neutrons it is possible to survey a
wide range of (Q,w) space at one time using a
chopper spectrometer, yielding both elastic
and inelastic scattering explicitly. These data
are suitable for Fourier transforming into real-
space to obtain the pair distribution function
(PDF) of the material. By Fourier
transforming just the elastic (w = 0) line you
recover the time averaged structure. However,
after integrating over w at constant Q for each
Q-point, you recover the total structure
factor, S(Q), which yields the instantaneous
local structure in the PDF. In principal, all
time-scales between these extremes are
accessible by systematically varying the range

of integration of the w not = 0 scattering.
Thus, by combining the energy resolved
scattering and the PDF technique it is possible
to resolve the structure over a wide range of
length and time scales.

The technology exists to do this. Preliminary
measurements have been made using the
MARI spectrometer at ISIS in the UK by
Profs. Arai and Egami. However, the Q
resolution of MARI is marginal for this
measurement and more development work is
required before reliable results can be
demonstrated. This is extremely difficult
because MARI is heavily oversubscribed and it
is impossible to obtain adequate beam-time to
do this experiment, especially for U.S.
scientists who do not have priority at this
European-Japanese facility. The proposed
Phase II development of the PHAROS
spectrometer at LANSCE, which involves
installing wide-angle detector banks into this
fast chopper spectrometer, will yield a
machine with superior Q-resolution to MARI,
which can access the wide range of (Q,w) space
necessary for these measurements. This will
make it the primary facility in the world for
this kind of measurement and allow adequate
access to do the necessary developmental
work to realize the full potential power of this
technique. The completion of Phase II of the
PHAROS spectrometer construction is
essential if this research is to succeed.



DuPont’s Use of Neutron Facilities

R. Harlow, E. I. Dupont

From 1991 to 1995

Neutron powder diffraction has played a major
role in understanding the changes in the
structure and properties of the La2CuO4 family
of superconductors as a function of doping.1,3,5

The general formula of the compounds which
have been studied can be represented as La1-x-

yRex(Sr,Ba)yCuO4+δ, where Re is any number of
smaller rare earth elements including Nd, Sm,
Gd, and Dy. This La2CuO4 family has been
shown to undergo a number of phase
transitions at lower temperatures caused by
various tilts of the CuO6-octahedra. These tilts
occur in both the Sr and Ba superconductors,
and can generally be increased in magnitude by
the additional substitution of smaller rare-
earth ions. It has been shown that these tilts
have adverse effects on Tc. Extra oxygen in
the lattice seems to inhibit these tilts but these
compounds has not been fully studied. 1/8-hole
doping also has a dramatically negative affect
on Tc but it has now been clearly demonstrated
that it not structural in origin. This study of
the Cu superconductors has lately been
extended to include the chemically simple but
structurally complex strontium copper
oxides11 and, most recently, the strontium
analogs of the 123 family of
superconductors.13

There are a number of compounds which have
nearly the same structure as La2CuO4 and, in
some cases, these even have the same 1/2-spin
on the transition metal ion. Of particular
interest have been the Sr2MO4 family, where
M = Ir, Ru, Rh, V, and Ti. 6,8 Of these, only
the Ru compound is known to superconduct
with a Tc of approximately 1 K. Our initial
focus, however, was on the Ir (spin = 1/2)
compound which, from very careful
synchrotron and neutron powder experiments,
showed superlattice peaks indicative of a
rotational distortion of the IrO6 octahedra.
Still unanswered is the question: why does the
CuO6 octahedra in La2CuO4 distort by tilting
and the IrO6 octahedra distort by rotation?

The Rh compound also distorts by rotation,
but Ru, V, and Ti compounds do not distort at
all even though there is just as much interlayer
stress in these as in the Rh and Ir compounds.
The Ti compound has no unpaired electrons
but the V and Ru compounds clearly do. We
are continuing our studies into the magnetic
and electronic properties which distinguish
these compounds from La2CuO4.

Neutron powder diffraction has also been used
to refine the crystal structures of several new
phases of aluminum fluoride as part of
program to find new catalysts for the
production of chlorofluorocarbon
alternatives.10 These new ALF3 phases were
made by careful thermal decomposition of
various “organic” aluminum fluorides and,
thus, only existed as microcrystalline powders.
The structures of these compounds were
initially solved ab initio from their
synchrotron powder diffraction patterns but
were refined using both the x-ray and neutron
powder data. One of these new phases has
shown some promising catalytic activity.
Other studies related catalysis include the
refinement of the structures of a novel open-
framework structure,2 prompt-gamma analysis
of acid sites in solid superacids,9 and the
determination of host-guest interactions on
the conformations of hydrofluorocarbons
adsorbed in zeolites using inelastic neutron
scattering techniques.12

A number of x-ray crystal structures have been
done to support the notion that imidazol-2-
ylidene compounds are true carbenes
containing a carbon atom which forms only
two bonds with neighboring atoms and has two
non-bonding electrons. These structures give
evidence to the fact that the carbon is bonded
to only two neighbors but cannot prove the
existence of the non-bonded electrons. By
using a combination of neutron (scattering
from the nuclei) and x-ray (scattering from
the electrons) single-crystal diffraction, it has
been possible to map out the valence electron



density of one of these carbene molecules.7

The map which results clearly demonstrates
the presence of the carbene electrons in
complete agreement with the position
predicted from quantum-mechanical
calculations.

A fair amount of work on polymers has been
done by DuPont personnel but only a small
portion of it has, as yet, been published. Wide-
angle neutron diffraction has been used to
study copolymer segregation as part of a wider
program to develop structure/property
relationships in polymers.4 Other polymer
studies have used small-angle scattering to
characterize the formation of micelles and
laminar morphologies in semi-crystalline
polymers and polymer blends. Reflectivity
measurements have been used to study
polymer interdiffusion across interfaces and
exchange dynamics from solid surfaces of
polymers.

Future Usage

In the past, much of our interactions with the
neutron facilities has been driven by projects
with a great deal of “personal” and scientific
interest. Given the present trend to focus
more on projects relevant to the company’s
business units, it is highly probably that the
superconductivity effort, in particular, will
diminish. Interest in powder diffraction will,
however, continue to be used to refine novel
structures, particularly structures related to the
catalysis program. The much-abused term “in
situ” will become more meaningful as the need
to study heterogeneous catalysts under real
(2000 psi, 350°C) operating conditions
becomes a reality. To run a successful catalyst
program, the user facilities should be prepared
to accommodate a large quantity of chemical
apparatus and methods to deal with a number
of potential chemical hazards. The use of
prompt-gamma and inelastic neutron
scattering also hold a great deal of promise for
catalyst studies. Hereto, the most informative
studies would be those of an “in situ” nature.

Fundamental scientific studies of the type
exemplified by the X-N valence-density study
noted above will probably not be encouraged in
the future. Neutron, single-crystal structural
studies will need to made more routine (smaller
crystals, higher fluxes, better detectors) if

companies like DuPont are ever to take real
advantage of them.
Studies of polymer systems, especially those
designed to complement our synchrotron
studies, could benefit from DuPont’s emphasis
on its core polymer businesses. The
investigation of these structural complex
systems require a multitechnique approach and
the advantages of neutrons are well known.
Realtime, simultaneous small- and wide-angle
diffraction studies could prove to be very
popular.

Interest is growing in the structures of poorly
crystalline and amorphous materials. We are
presently developing our capabilities to
convert x-ray (synchrotron) powder
diffraction patterns automatically into pair-
distribution functions. It is clear that the
information that we are obtaining could be
greatly augment by similar conversions of
neutron powder diffraction patterns.
Tomography is another possible growth area;
we have received a number of requests to look
at manufactured products in order to look for
defects.
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Advanced Materials Research Using a Pulsed-Spallation Neutron
Source

J. Jorgensen, Argonne National Laboratory

Powder diffraction at a pulsed-spallation
neutron source can play a central role in any
advanced materials research program. The
comprehensive work on high-Tc oxide
superconductors over the lasts 8 years
provides a useful benchmark of what
performance can be expected. The LANSCE
facility when operation at 80-µA beam current
(assuming equivalent instrumentation) will
achieve performance neutron count rates
about five times that of the IPNS facility, on
which most the performance estimates are
based. Estimates of expected performance can
be made in the following areas.

Structure Refinement from Powder Data

With modern Rietveld techniques, accurate
structural information (e.g., atom positions,
site occupancies, etc.) can readily be obtained
from powder neutron diffraction data. The
most common use is to probe structural
properties versus changes in composition or
external conditions (e.g., temperature,
pressure, etc.). A typical sample can be run on
2 to 4 hours, allowing hundreds of samples to
be run over an extended period of time. In
fact, with an in-house neutron facility
available, neutron powder diffraction becomes
an important analytic tool, used much in the
same way as x-ray diffraction is used in most
laboratories.

High Temperature, Including Controlled
Atmospheres

Data collection at a temperature above or
below room temperature is routine at most
neutron facilities. The ability to collect data at
high temperature has been particularly useful
for work on the oxide superconductors for two
reasons. First, measurements of the response
of the structures to changes in temperature,
while controlling the oxygen atmosphere seen
by the sample, were the key to understanding
how oxygen content controlled the properties
of these compounds. Second, there have been
a number of in situ neutron diffraction studies

of reaction chemistry, which provide
important information about the reaction
kinetics and intermediate phases in the
reaction process. For these compounds,
experimental conditions have been in the
range of 10 to 1400 K with oxygen partial
pressures of 10-6-1 atm.

High Pressure

The time-of-flight techniques used at a pulsed
neutron source are advantageous for data
collection at high pressure because of the
ability to collect data at a single, fixed
scattering angle. For the oxide
superconductors, high pressure was used to
explore the relationship between structure and
superconducting properties because it allows a
way to vary the structure without changing the
composition. In a more general context, it is
often important to investigate phases or
phenomena that occur only at elevated
pressure or to probe the properties of
materials at the pressures they will encounter
in their working environments. For the oxide
superconductors, pressures to
6 kbar in hydrostatic helium gas systems and
to 150 kbar in quasi-hydrostatic conditions
using an opposed anvil cell were used.

Realtime Phenomena

The rapid data collection that is possible on
present pulsed neutron sources allows the study
of kinetic phenomena in real time. For the
oxide superconductors, this included the study
of diffusion-limited processes, ordering
phenomena (that were found to have a
profound effect of superconducting properties
even though the ordering takes place on a
short-length scale), and reaction chemistry.
Data of sufficient quality for full Rietveld
refinements (providing atoms’ positions or
site occupancies) were obtained in time
windows as short as 5 minutes. Time windows
as short as 1 minute should be possible at
LANSCE.



Small Samples

It is often the case that only small samples are
available for study because of the expense or
difficulty of making the samples. For the high-
Tc oxide superconductors, this was the case for
samples made by high-pressure techniques. By
minimizing backgrounds, it has been possible

to obtain useful diffraction data (suitable for
Rietveld refinement) from samples as small as
20 mg using the Special Environment Powder
Diffractometer at IPNS. The study of even
smaller samples should be possible at LANSCE
with proper attention to instrument
backgrounds and sample mounting techniques.



Goals for Science-Based Stockpile Stewardship at LANSCE

A. C. Lawson, Los Alamos National Laboratory

LANSCE should contribute to science-based
stockpile stewardship by providing data that
improve the scientific understanding of
materials used in the nuclear weapons
stockpile.

•  Debye-Waller factors of the actinides and
other materials

LANSCE should be used to measure Debye-
Waller temperatures (a thermal measure of
the elastic constant) and their temperature
dependence. This is a poor man’s road to
equation-of-state data, as single crystals
are not required.

 
•  Phase characterization of materials

Neutron diffraction and small-angle
scattering at LANSCE should be used to
characterize materials for fire-resistant,
surrogate, and other applications.

 
•  Phonon spectra of actinides

LANSCE should be used to determine the
phonon spectra of the various phases of

plutonium and other actinides as crystals
become available. These measurements
should be carried out over a broad range of
temperatures and pressures. This is a long-
range goal.

 
•  Crystal chemistry of the actinides

The complex structures of actinide phases
should be placed on a more rational basis.
LANSCE should be used to determine the
crystal structures of plutonium alloy
phases that are not yet solved in order to
provide fundamental data for this effort.

 
•  Radiation damage in materials

LANSCE should be used to characterize
radiation damage in actinides and other
materials.

 
•  Texture of materials

LANSCE should be used to measure
crystallographic textures of materials that
require bulk characterization.



Pulsed Neutron Measurements of Excitations in a Quasi-1-D
Antiferromagnet

S. E. Nagler, University of Florida

The one dimensional Heisenberg
antiferromagnet is a prototypical example of
a quantum many body system. The elementary
excitations from the singlet ground state are
extremely interesting. The natural excitations
are “spinons,” with a total spin S = 1/2. The
spinons are created or destroyed in pairs, with
a pair of spinons corresponding to a magnon
in the usual description of spin excitations. In
systems with integer values of the interacting
spins, the spinons are bound, leading to an
energy gap (Haldane Gap) in the magnon
spectrum, and a dynamical correlation
function dominated by a single mode. If the
interacting spins are half-odd-integer, the
spectrum is gapless, and the dynamical
correlation function is considerably more
complicated, with a continuum of energies
corresponding to each value of wave vector. A
real example of the latter system is the
insulating salt KCuF3, which has S = 1/2.

The details of the continuum spectrum in
KCuF3 have been investigated utilizing the
MARI chopper spectrometer at the ISIS pulsed
neutron source. The quasi-one-dimensional
nature of the magnetism is characterized by
equivalent sheets of scattering in reciprocal
space. If the chain axis is aligned parallel to
the incident neutron direction many detectors
correspond to points on the same sheet of
scattering and can be summed with essentially
no loss of information. The time-of-flight
method is therefore particularly well suited to
the study of low-dimensional problems. The
application of this method to KCuF3 has
provided detailed information on the
dynamical correlation functions of the
underlying model system and supports the
theoretical picture of free spinon excitations.
Further details may be found in Phys. Rev. B
44 (1991) and PRL 70, 4003 (1993).



Glasses and Crystals in Shocked Tuff, Quartz, and Metals

W. J. Nellis, Lawrence Livermore National Laboratory

Underground nuclear explosions at NTS were
done in tuft a multiphase, SiO2-rich water-
saturated rock. Treaty Verification issues,
weapons effects in rocks, and the containment
of underground nuclear explosions would be
better understood and, perhaps, controlled if
the structure of the rock surrounding an
explosion were known as a function of shock
pressure diverging from the source of the
explosion. Thus, it is important to determine
the glass and/or crystal structure of tuff
shocked to pressures up to the Mbar range.
Because about 80% of tuft is Si and O2 in the
form of silicates, pure SiO2 quartz is an ideal
simulant of tuff. Tuff and quartz can be
shocked with a gas gun at Lawrence Livermore
National Laboratory (LLNL) up to Mbar
pressures and recovered for characterization of
crystal structure and defects at LANSCE.
Shock-wave temporal profiles in tuft measured
at LLNL have been interpreted in different
ways by two different groups (D. Erskine et
al., J. Geophys. Res. 99, 15529 (1994). Both
interpretations are obtained by matching
different computer models to the same
experimental data. One interpretation is that
complex buff undergoes a shock-induced phase
transition. The other interpretation is that
tuft which initially has no strength, becomes
an extremely strong material at high shock
pressures, without phase transforming. A

phase transition is expected to be irreversible
and present after shock. Characterizing this
material on recovery from high shock pressure
is the only way to resolve this discrepancy.
Because of the many phases in shocked tuft
and quartz, the high intensity neutron beam at
LANSCE is needed. Also, neutrons are
sensitive to H2O and SiO2. Basically, the
purpose is to understand “knob twisting,” the
process of making a computer code agree with
experiment without providing a physical basis
for the agreement.

Also, shocked quartz is the only material in
which two different glasses can be made in the
same material at the same time with the same
chemical composition. Thus, neutron
scattering in shocked quartz might provide
insight into the nature of a glass, an important
technological material.

Similar information should be obtained for
materials whose mechanical constitutive
properties are needed for accurate
computational simulations of these materials
undergoing shock loading driven by high
explosives. Examples include uranium, lead,
tantalum, and steels. Characterization of
shock-induced defects are needed to develop
constitutive models from first principles.



Plutonium Vibrational Spectra at High Pressures and
Temperatures

W. J. Nellis, Lawrence Livermore National Laboratory

Pu and U have numerous phases at high
pressures and temperatures, which were
identified about 35 years ago with x-ray
diffraction up to about 10 GPa (100) kbar.
Phonon (lattice-vibrational) data in the solid
are needed to try to understand the complex
phase diagram of Pu, the most complex of all
the elements. Phonon spectra in the solid and
structure-factor data in the liquid are needed to
improve the accuracy of the interaction
potentials between the actinide atoms, which,
in turn, are needed to calculate more accurate
thermal equations of state. Phonon spectra
and structure factors are measured with
inelastic and elastic neutron scattering,
respectively. Little neutron scattering data
exists for the actinides at ambient pressure and
no phonon spectra have been measured for the
actinides, nor for any other material to my
knowledge, at high pressure. Such data are
needed in order to determine the variation in a
given phase and the effects of different
phases. Such data might provide information
on lattice instabilities and provide a scientific
understanding of the phase transitions. The
liquid and six solid phases in Pu at ambient
pressure are reduced by applying pressure to
only the alpha, beta, and liquid phases above
about 2.5 GPa (25 kbar). The face-centered
cubic delta phase of Pu, which is stabilized at
ambient pressure with Ga impurities, is also
important.

Systematic studies are needed for the actinides
Th, U, Np, and Pu to determine the effects of
different concentrations of f electrons and of
different solid structures. Because no phonon
spectra have been measured at high pressures
for any material, the technique is more likely
to succeed first on a simulant such as Ta,
which has cubic symmetry.

For the near future, high-pressure and high-
temperature work are probably limited to
structural and Debye-Waller factor
determinations, which have been done, thus
far, as a function of temperature at ambient
pressure. Neutrons give different and
sometimes better powder diffraction patterns
than do x-rays because of different scattering
cross sections and, thus, scattering lengths.

The dynamics of phase transitions in the
actinides might be determined from fast
neutron pulses measuring structural phases
(diffraction) as the material goes across a
solid-solid phase boundary.

The neutron vibrational data would be used by
theorists to test calculations. Debye-Waller-
factor data as a function of pressure would be
new data in which the pressure or volume
variation could be an extremely valuable
constraint on our theoretical understanding.



The Role of Hydrogen in Earth Processes

C. T. Prewitt, Carnegie Institution of Washington

The presence of water was essential for the
origin of life on Earth and for the volcanic,
tectonic, and erosional processes that have
shaped Earth’s surface and determined much
of the character of its deep interior. In order
to understand the role of water (hydrogen) in
Earth’s evolution, it is necessary to know how
hydrogen-bearing material was introduced and
the ability of mineral phases to retain
hydrogen under varying environmental
conditions.

Two different approaches to explaining how
hydrogen might be stored in Earth’s mantle
are illustrated by a number of papers published
over the past 25 to 30 years, but only recently
has there been an attempt to provide objective
comparisons between the two or to investigate
how hydrogen is incorporated into high
pressure/temperature phases. One approach
invokes the presence in the mantle of dense
hydrous magnesium silicates (DHMS) stable at
elevated pressures and temperatures.1,2 The
other involves nominally anhydrous minerals
(NAM) that contain hydrogen as a minor
constituent on the ppm level.3,4 Experimental
studies on DHMS indicate these phases may be
stable to pressures and temperatures as high as
16 GPa and 1200°C. This temperature is lower
than that indicated by a mantle geotherm at
16 GPa, but may be reasonable for a subducting
slab. It is possible that other DHMS could be
stable to even higher pressures, but little is
known about maximum temperature limits.
For NAM, small amounts of hydrogen (up to
several hundred ppm) have been detected in
olivine, orthopyroxene, clinopyroxene, and
garnet recovered from xenoliths in
kimberlites, eclogites, and alkali basalts;4 it has
been demonstrated that synthetic wadsleyite
and perovskite can accommodate significant
amounts of hydrogen.5,6

Questions about models for hydrogen storage
include

1. What determines the stability of a phase
containing hydrogen?

2. Can NAM retain hydrogen to higher
temperatures and pressures than the
DHMS?

3. What is the role of cation/anion vacancies
in accommodating hydrogen in NAM?

4. What is the effect of pressure on the O-H
bond?

5. Is hydrogen present in the mantle a
product of the original accretion process
or was it introduced by comets or
meteoritic material and recycled into the
mantle over geologic time?

6. If a solid phase containing hydrogen
breaks down at high pressures and
temperatures of the transition zone, what
is the product—a melt or a fluid or other
solid phases?

In addition to infrared and Raman
spectroscopy, the most useful technique for
determining how hydrogen is incorporated in
mineral structures is neutron diffraction.7

Except for recent high-pressure studies on
brucite, Mg(OD)2,

8 we know little about how
the hydrogen bond reacts to changes in
temperature and pressure. Furthermore,
hydrogen appears to be disordered in many
mineral phases and probably changes its state
of order as temperature and pressure are
varied, thus affecting the stability of the
minerals involved. Therefore, the availability
of neutron diffraction facilities with the
capability for high-pressure/high-temperature
experiments is essential if we are to make
progress in understanding the role of hydrogen
in deep Earth processes.

We need to improve our understanding of how
hydrogen is incorporated into both the DHMS
and NAM. A combination of structure
refinement in which hydrogen positions are
determined9 plus theoretical calculations10 can
provide enough information to establish the
immediate environment around hydrogen,
resulting in insight about which are the most
stable phases and which of the NAM could
contain the most hydrogen.



Another kind of model has been proposed for
storage of hydrogen in the core, i.e., in iron
hydride.11,12 Although many investigators
discount the possibility of significant amounts
of hydrogen being present in the core, one
should not overlook the discovery that iron
hydride appears to be stable to very high
pressures and that an iron hydride composition
can explain the seismic properties of the core
rather well.
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Complementarity of Pulsed Neutrons and High-Energy X-Rays

D. L. Price, Argonne National Laboratory

The provision of intense beams of high-
energy (50 to 150 keV) x-rays from insertion
devices in synchrotrons is bringing x-ray
techniques into areas of structural and dynamic
investigations that have traditionally been the
province of neutron scattering. For certain
classes of experiments, x-rays can now
compete with respect to wave-vector (Q)
range, energy resolution ∆E, and ability to
penetrate sample containers and
environmental apparatus. Recent examples are
the measurement of the structure of vitreous
silica with 95-keV x-rays at Hasylab, over a Q
range of 0 to 25Å-1, and the determination of
vibrational densities of states in ∝ -iron,
stainless steel, and SrFeOx at the Photon
Factory in Tsukuba, using an energy resolution
∆E = 6 meV and the 14.4-keV nuclear
resonance in 57Fe.

These developments should be perceived, not
as a threat to the neutron scattering
community, but as an opportunity to use the
complementary characteristics of neutrons
and x-rays (different dependencies of
scattering lengths on A and Z, various nuclear
resonances, different dependencies of the

scattering processes on polarization) to gain
detailed structural and dynamic information on
complex materials. At Argonne, we have
applied neutron diffraction in conjunction
with anomalous x-ray scattering to two
complex problems: (a) the short and
intermediate order of alkali-modified
germanate glasses and (b) the internal structure
and relation to the host structure of
semiconductor clusters confined in zeolite. In
both cases vital information about the atomic
structure has been obtained at the partial
structure level.

With a new generation of spallation neutron
sources, one can expect novel developments
in technique that may match some of those
recently made at synchrotron x-ray sources.
For example, the anomalous scattering
technique now being used routinely with x-rays
could also be exploited in neutron scattering.
About 20 nuclei have resonances in the
neutron energy range (0 to 8 eV) covered by a
modern glass and liquid diffractometer.



Neutron Scattering Investigation of Magnetism in Artificial
Metallic Superlattices

J. J. Rhyne, University of Missouri Research Reactor Center

A significant fraction of the worldwide
magnetism research community is currently
involved in the study of phenomena associated
with artificial metallic superlattices. This
includes the study of Giant Magnetoresistance,
Interlayer Exchange Coupling, and Strain and
Magnetoelastic Effects on Phase Transitions.
Typically the superlattice systems of interest
consist of alternating layers of a magnetic
element (transition metal or rare earth) and of
a non-magnetic spacer layer. The thickness of
the bilayers and the number of repeats varies
widely among the systems studied by neutrons.
The question of a phase-coherent coupling of
the spins in the dense magnetic layers across
the magnetically “dead” layers has been a
particularly intriguing part of these
investigations, particularly with rare earth
superlattices.

Neutrons have proved to have a major impact
on our understanding of many of the magnetic
interactions in superlattice systems. The
techniques of reflectometry and wide-angle
elastic diffraction have each provided unique
input to the problems. Superlattice perfection,
interface roughness, magnetic moment
distributions, etc., have been conveniently
probed by neutron reflectivity. Coherence
effects, effects of strain, and incommensurate
magnetic structures have been intensively
studied by wide-angle elastic diffraction.

The second very important category of elastic
diffraction presents special application
challenges for a pulse neutron source. This is
an area I recommend that some additional
creative attention be paid by future instrument
designers. The challenges are the following:

1. The film and superlattice samples are all
high-quality single crystals, but of very
small volume that presents special
intensity difficulties. Instrumental
background must be extremely low and
well-defined.

2. Typical thicknesses of interest are from
less than 400 Å up to 5,000 Å. For a
1-cm × 1-cm sample area, this presents a
volume as small as 0.004 mm3. Extinction
is not a problem.

3. Magnetic structures encountered may be
incommensurate with the crystal lattice
requiring a q-space scan trajectory along a
particular crystal axis (e.g., (000l) in hcp).

4. Because of the magnetic form factor,
measurements must generally be made
using the low-q reflections, and proper
corrections must be made for the form
factor.

5. For coherence information, well-defined
line shapes are essential and must be
accurately determined including
deconvolution of the instrumental
resolution.

It is anticipated that future directions in
magnetic materials (as well as in many other
materials areas) will continue to focus on thin
films and superlattices. Because of the
neutron’s unique capacity to probe magnetic
interactions, it is suggested that efforts be
made to optimize any new neutron source and
its instruments to address the combined
challenges of small single-crystal layered
structures and magnetic scattering.



SANS Studies of Magnetic Correlations in Disordered Magnetic
Systems

J. J. Rhyne, University of Missouri Research Reactor Center

Intense interest has been generated in the last
few years in so-called nanostructural materials
in which there is a definable length scale of
chemical, magnetic, or some other order
generally of angstrom dimension. In magnetic
materials, the length scale is often produced by
a random exchange or random anisotropy
interaction that destroys long-range order and
produces short-range random magnetic order.
This ordering can be conveniently studied by
small-angle neutron scattering (SANS), which
if properly interpreted, can lead to a
determination of the length scale of the
magnetic order and a classification of the spin
ordering as static or dynamic (fluctuating).

An example of a random magnetic system is
provided by amorphous rare earth compounds,
e.g., TbFe2 for which the randomization of the
crystal field interaction by the amorphous
chemical structure leads to a breakup of the
long-range order that is found in the analogous
crystalline compounds. For many such random
interaction systems, the SANS intensity as a
function of Q is of Gaussian form above the
ordering temperature as is characteristic of
conventional magnetic fluctuations. However,
at Tc the correlation function does not diverge
as at a normal second order phase transition,
rather it is truncated at a finite value limited
by the length scale of the magnetic
correlations dictated by the random field
interactions (a typical value is of order 100
Å). Below Tc the scattering departs
increasingly from the Lorentzian form and
assumes a behavior that fits a Lorentzian plus

a Lorentzian squared formalism with identical
correlation lengths in both terms. This
correlation length is typically slowly varying
below Tc and decreases on approach to T = 0
reflecting the increasing disruption of the
longer range order.

The application of a magnetic field in the
scattering plane distorts the circular constant
intensity contours into ellipses characteristic
of scattering from finite range magnetic
clusters. The measured correlation lengths (the
scattering remains of the Lorentzian +
[Lorentzian]2 form) actually decrease on
application of a field—an effect accompanied
by a marked reduction in the intensity of the
scattering. This reflects a sweeping of the
largest, most easily magnetized, clusters into a
semi-infinite cluster by the applied field that
corresponds to a near-zero q-value invisible to
the SANS. The residual clusters are of smaller
dimension, hence the reduction in the
measured correlation range.

The instrumental requirements for studying
these types of nanostructured magnetic
systems are a relatively wide q-range and good
intensity, because the samples are often of
micron thickness. The wavelength dispersion
and time structure of a pulse source SANS are
in principle an advantage. Care must be
exercised in applying the wavelength-
dependent absorption corrections and in
isolating the spurious scattering arising from
Bragg peaks (sample holder, etc.).



Structure and Dynamics of Liquids and Amorphous Materials

M.-L. Saboungi, Argonne National Laboratory

Liquids, especially those containing H2, such as
polyelectrolytes or aqueous solutions and high-
temperature alloys (metallic, semiconductors,
or insulators) are materials whose structure and
dynamics can be profitably investigated by
neutron techniques.

Neutron diffraction from liquids yields
information about the survival of intermediate
or short-range order with temperature. We
have shown that ordering is present in many
liquids, and we expect it to occur in some
simple systems such as liquid Pu.
Determination of the structures at high
temperatures is crucial in studying corrosion
and long-term stability of materials. The
behavior of liquids under extreme conditions
(e.g., high-pressure or/and high-temperature)
can also be examined by neutron diffraction.
Recent experiments on high-T, high-L liquid
alkali metals, Le, Hg have led to a
reassessment of many critical data including
equation of state.

Dynamics of disordered phases yield crucial
information for modeling systems, e.g.,

interatomic potentials. Inelastic scattering
measurements performed on metals and alloys
undergoing phase transitions with temperature
provide valuable data for understanding
dynamic diffusion and transport.

Structural determination of liquids and
disordered materials requires dedicated
diffractometers covering a high Q range with
short-wavelength neutrons and detectors at
low-angle
2θ < 45˚ and a comprehensive data analysis
procedure. This has been recognized in many
neutron sources by building specialized
instruments such as D4B at ILL, SANDALS at
ISIS, and GLAD at IPNS. Advanced chopper
spectrometers being designed and built at
spallation sources (PHAROS at LANSCE,
MARI at ISIS) are extremely valuable for
studying liquid dynamics. Provision of low-
angle detectors to measure a large range of
energy transfer at low Q is especially
important in systems undergoing phase
transition.



Studying Materials Under Extreme Conditions Using Neutrons

J. E. Schirber, Sandia National Laboratories

A time-of-flight (TOF) neutron source such as
LANSCE provides a unique capability to study
phenomena and materials under extreme
conditions; for example: temperature,
pressure, or radioactivity. This uniqueness
stems from the fact that the effects of the
dewers/pressure vessels/radiation container etc.
can be almost completely eliminated by
appropriate shielding so that only the desired
sample is observed.

We have used LANSCE and IPNS to study
novel materials such as buckyballs and high-
temperature superconductors at high pressures
and low temperatures as well as various solid-
solid phase transitions. However, these
advantages can be applied to various Defense
Programs (DP) component studies bearing on
safety and surety and the understanding of new
materials of interest for DP applications.

We have recently performed pressure studies
on C60 using He, Ne, and Ar as pressure media.



Neutron Scattering at High Pressure

R. Von Dreele, Los Alamos National Laboratory

The high neutron flux available at the High
Intensity Powder Diffractometer (HIPD)
affords the possibility of performing powder
diffraction experiments at extreme sample
environments such as high pressure. We have
available a “V3” Paris-Edinburgh high-pressure
cell which is capable of producing pressures in
the 10 to 30 GPa range and which easily fits in
the sample chamber or HIPD. It is equipped
with a built-in 240-ton ram allowing pressure
changes in sits on the 100 mm3 sample
volume. Some recent studies include an
examination of the compressibility
mechanism in the high Tc 1223-Hg cuprate
superconductor to 9.2 GPa in which we
observed a substantial shortening of the
“axial” Hg-O distance with pressure but little
change in the “apical” Cu-O distance despite
the substantial increase in Tc over this pressure

range. A second study
demonstrated the formation of hydrogen
bonds at increasing pressure to 9.6 GPa in the
model water bearing mineral brucite, Mg(OD)2,
which accounts for its improved stability at
high temperatures and high pressures over
that at ambient pressure. We also examined
the simple model explosive material, d3-
nitromethane, and found differences in its
equation-of-state to 5.5 GPa over that of the
protonated material which is accompanied by
differences in the degree of methyl group
ordering. This sampling of studies
demonstrates the utility of this cell for powder
diffraction studies at high pressure that can be
done at LANSCE.
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